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In this book rubber, one of the most important of raw materials, receives for the 
first time a comprehensive treatment from the geographic and economic points of 
view. Collaboration with authoritative sources in various countries has enabled 
the author to write a book of great value to the rubber industry. 

The first part of the book deals with the history, botany, and the most important 
physical and chemical properties of commercial latex and crude rubber. 

The second part of the work covers the general evolution and organization of 
world economic forces in their relation to supply and demand and to present-day 
economic problems. Following this there is a brief economic survey and descrip- 
tion of methods of production of commercial rubber and of trade and export 
conditions in the three rubber-growing regions (America, Africa, Asia). 

The next section of the book is of particular interest to importers, dealers, and 
consumers, since it deals with the consumption of raw rubber in every country 
where rubber is used. 

Maps, diagrams, statistics, and tables dealing with production, consumption, and 
economics give a clear and comprehensive picture of the development and present 


status of rubber production and manufacture in all parts of the world. 

Attention should be called to the bibliography of over five hundred references 
at the end of the book, which makes the publication of special value as a book of 
reference. 


Publications Relating to Rubber. Letter Circular LC 178. Revised to 
September 21, 1933. Distributed without charge by the Bureau of Standards, 
Department of Commerce, Washington, D.C. 10 pp. 

The Letter Circular contains a classified list of publications on rubber by members 
of the staff of the Bureau of Standards. The contents are as follows: I. General 
information on rubber; II. Publicity regarding work of the Bureau of Standards 
on rubber; III. Purification of rubber; IV. Properties of rubber; V. Di- 
mensional measurements on rubber specimens; VI. Performance of rubber 
products; VII. Chemical analysis of rubber; VIII. Physical testing of rubber; 
IX. Specifications for rubber goods. [From The Rubber Age of N. Y.] 


A.S.T.M. Standards on Textile Materials, September, 1933. Prepared 
by Committee D-13 on Textile Materials. Published by American Society for 
Testing Materials, Philadelphia, Pa. Price $1.00. Paper cover. 164 pp. 

This publication contains all of the 30 standard and tentative specifications, 
methods of testing, and definitions pertaining to textile materials, which have been 
issued by the American Society for Testing Materials, through the work of its Com- 
mittee D-13 on Textile Materials. This is the first compilation of A.S.T.M. 
Standards covering these materials since 1930. Many new standards have been 
issued since the appearance of the earlier publication so the present edition should 
be of much convenience to those dealing with textile materials. Several of the 
specifications and test methods previously issued as tentative were adopted as 
standard this year. Specifications for a number of materials were revised this 





VII 


year. The latest revisions (either adopted or to be tentative for a year) are given. 
Proposed revisions in the standard methods of testing woven textile fabrics are 
detailed. Revisions (issued previous to this year) in the specifications for textile 
testing machines and for asbestos yarns were adopted this year and are given in 
the book. In addition to the standards, the book includes a psychrometric relative 
humidity table which combines accuracy and convenience; photomicrographs of 
common textile fibers; and a proposed potassium dichromate oxidation method for 
the determination of total iron in asbestos textiles. [From The Rubber Age of 
N.Y.] 


Regulations for the Licentiateship. Issued by the Institution of the 
Rubber Industry, London, England. Paper cover pamphlet; 10 pp. For free 
distribution. 

This pamphlet contains the following: Objects for which the Licentiateship 
was Instituted; Regulations for the Licentiateship in Science; Regulations for the 
Licentiateship in General Rubber Technology; General Regulations; Fees. 
[From The Rubber Age of N. Y.] 


Chemical Engineering Catalog. Eighteenth Annual Ed., 1933. Published 
by The Chemical Catalog Co., Inc., 330 W. 42nd St., New York, N. Y. Cloth, 
789 pages, 9 by 12 inches. Illustrated. 

The latest edition of this standard reference work contains authoritative data 
regarding the products of several hundred American concerns manufacturing engi- 
neering equipment and supplies for the chemical and related industries including 
rubber. The volume comprises the following sections: Alphabetical Index, Trade 


Name Index, Classified Index of Equipment and Supplies, Equipment and Supplies 
Section, Classified Index of Chemicals and Raw Materials, Chemicals and Raw 
Materials Section, and Technical and Scientific Books Section. [From the Jndia 
Rubber World. | 


Handbook of Chemistry and Physics. A Ready Reference Book of 
Chemical and Physical Data. Eighteenth Edition, 1933. Editor in Chief, 
Charles D. Hodgman. Chemical Rubber Publishing Co., West 112th St. and 
Locust Ave., Cleveland, O. Flexible leather, 1818 pages; 4°/, by 6/4 inches. 
Price $6.00. 

The Eighteenth Edition of the “(Handbook of Chemistry and Physics” repre- 
sents a 20-year accumulation of necessary data for the busy scientist and engineer 
that are not only acceptable, but highly essential in the commercial, educational, 
and research laboratory. This handbook is now accepted as occupying a field of 
its own and as being the only authentic guide and reference in the sciences relating 
to chemistry and physics. This Twentieth Anniversary Edition comprises 1818 
pages of the most-up-to-date data procurable. 

Most important of the revisions in this edition is that of the table of physical 
constants of inorganic compounds. This table has been completely revised. 
Nearly 1000 new compounds have been added, and more complete and recent data 
are supplied for those previously listed. The metal-organic compounds have been 
placed in a separate table following the one on the physical constants of inorganic 
compounds. Their number has been greatly increased, owing to their growing 
importance. The arrangement of both of these tables has been improved to facili- 
tate finding and studying the properties of related substances. 

The following new tables have also been added to this edition: volumetric 
primary standards, efficiency of drying agents, liquids for index by immersion 
method, density of fluosilicic acid solutions. 
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In addition to these major changes many minor corrections and additions have 
been made throughout the handbook. [From the India Rubber World. | 


Chemical Formulary. Published by Chemical Formulary Co., 950 Third 
Ave., Brooklyn, N. Y., Vol. 1, 1933-1934. Cloth covered, 537 pp., $6.00. 

This new book, of which this is the first edition, contains a valuable collection of 
formulae for making many thousand different products. The editor, H. Bennett, 
states in the preface that, “‘a definite need has existed for an up-to-date compilation 
of formulae for chemical compounding and treatment.” So that all fields would 
be covered, assistance was obtained from an editorial board consisting of a large 
number of experts from various industries. The book is divided into 38 chapters 
and several tables and indices. The headings cover a wide range from Adhesives 
to Waterproofing and include such items as Beverages, Cosmetics, Emulsions, 
Explosives, Fuels, Ink, Lacquers, Metals, Oils, Paper, Plastics, Rubber, Silk, and 
others. The chapter on rubber contains formulae for various types of products 
taken mostly from published literature furnished by supply houses and has little 
not known to the average rubber chemist or engineer. T'o others, however, the 
chapter undoubtedly has much information of value. [From The Rubber Age 
of N. Y.] 
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[Reprinted from Transactions of the Institution of the Rubber Industry, Vol. 9, No. 2, pages 112- 
121, August, 1933.] 


Estate Practice and Its Relation to 
Factory Requirements 


F. B. Jones 


In spite of continuous investigation of the problem of the variation in supplies of 
raw rubber, a completely satisfactory method of dealing with the matter has yet to 
be devised. 

Before discussing estate practice it is necessary to agree what the desirable prop- 
erties of raw rubber should be. It is perhaps a surprising fact that rubber manu- 
facturers are not in complete agreement. There seem to be two schools of thought. 
One school considers quick-vulcanizing and high-tensile rubbers to be preferred, 
while the other favors a slow-vulcanizing and easily worked raw material. 

The most desirable properties in raw rubber from the factory point of view are 
uniformity, ease in handling, and a high level of quality in the finished product. 

’ Uniformity must come first. If the properties of raw rubber are known to be 
consistent, a standard manufacturing process can be confidently adopted and 
followed. Nowadays the ability to repeat operations exactly is so important from a 
factory efficiency point of view that variability in raw material is much more 
important than the actual properties of that material, assuming of course a reason- 
able level of quality. 

By ease in handling is meant ready capability of softening by mastication so as to 
permit such processes as extrusion or calendering without fear of scorching or pre- 
vulcanization. Certain low-grade rubbers will behave very satisfactorily from this 
point of view, but the vulcanized products obtained with such materials are not of 
a sufficiently high level of quality. 

In the early days of the industry the effects of variation in raw rubber were much 
more readily observable than they are today. The number of possible variable 
factors was less. Handling difficulties were dealt with on the spot by recourse to 
oil or vaseline. The standard of quality was not so high, and such methods did not 
apparently affect the result to any appreciable extent. 

Today the quality of the finished product is not so obviously dependent on the 
quality of the raw rubber used. Compounding has been developed to such an 
extent that ingredients assume roles of importance which in some respects seem to 
dwarf that of the rubber itself. Variability in rate of cure is now masked by ac- 
celerators, and one is inclined to believe that this as a serious factor has ceased to 
exist. Reinforcing agents such as carbon black mask hardness variation in the 
vulcanized product, while the development of modern plasticizing agents masks the 
variation in hardness of the raw rubber which formerly must have proved so trouble- 
some. 

The development of antioxidants has enabled compounders to reach a level of 
resistance to certain types of aging which again seems to eliminate the original 
variations existing in raw rubber. 

It is perhaps significant to notice that in the days prior to these compounding 
developments the rubber man’s preference for hard fine para was much more 
marked than it is today. This was so because the variation in plantation rubber, 
being unmasked by accelerators or modern softeners, was readily observable. 
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There is no doubt, however, that rubber men as a whole are still convinced that hard, 
fine para is a much less variable material than plantation rubber as we know it. 
It is not proposed to explain this greater uniformity other than to suggest that the 
method of collection probably entails a wider field for blending than is available in 
the plantation factory. 

Variability in raw rubber is still responsible for a great deal of factory-handling 
difficulties, and also for variation in the quality of finished rubber products. 

The following test results show that this is the case. Two samples of smoked 
sheet have been deliberately selected which exhibit very widely differing properties 
with regard to rate of vulcanization in a rubber-sulfur mixing. Table I illustrates 
this. The mixing contained 90 parts by weight of rubber, and 10 parts by weight 
of sulfur. 


TABLE | 
A. Stow-Vuicanizinc RuBBER B. QvuicK-VULCANIZING RUBBER 
Tensile Elongetion % Tensile Bloeeatton % 
Strength, at 0.5 Elongation Strength, at 0.5 Elongation 
Cure, aa. oe Kg. per at Cure, ; Kg. per at 
Min. Sq. Mm. Sq. Mm. Break Min. i ‘ Sq. Mm. Break 
140 0.90 815 140 ; 640 920 
160 1.20 795 160 ; 615 860 
180 1.40 765 180 : 575 825 
200 1.60 725 200 : 545 785 
220 1.30 690 220 : 515 730 
240 1.30 650 240 Overcured 


Tensile strength and elongation figures are given for cures ranging from 140 
minutes to 240 minutes at 141° C. 

It will be seen that while one rubber has already reached its optimum cure after 
140 minutes, the other rubber required at least a further 100 minutes before its best 
cure was obtained. At 147° C., a more commonly used vulcanizing temperature 
for mixings of this type, the optimum cures were 80 minutes and 140 minutes; that 
is to say, one rubber was exceptionally quick-curing, and the other about equal to a 
normal, hard, fine para. 

The same rubbers were compared in a mixing containing 100 parts by weight of 
rubber; 5 of sulfur, and 2 of light calcined magnesium oxide. 

Table II shows that the two rubbers still vary very considerably in rate of vul- 
canization at 141° C. 


TABLE II 
A. Stow-Vu.canizinc RuBBER B. Quick-VuULCANIZING RUBBER 


Te 
% Tensile Elongation  % 
Strength, at0.5 Elongation Strength, at 0.5 Elongation 


: % .. 

Tensile Elongation 

Cure, Kg. per Kg. per t Cure, Kg. per Kg. per 
Min. Sqr Mm. Sa. Mm. Besok Min x Sq. in. i Mm. Break 
20 Too undercured for test 20 at 40 : 630 800 
40 0.70 840 925 40 : 595 825 
60 0.95 810 950 60 ; 875 
80 1.15 790 950 80 ; 900 
100 1.25 780 950 100 ‘ 900 
120 1.30 760 950 120 : 875 
140 1.50 745 950 140 ‘ 900 


Table III shows the results obtained at 141° C. with a mixing containing mercapto- 
benzothiazole as accelerator. The wide divergence in rate of vulcanization is still 
present, although, of course, the range of cure used is very much shorter than in the 
earlier tables. 
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The actual mixing used contained 100 parts by weight of rubber, 3 of sulfur, 0.5 of 
mercaptobenzothiazole, 2 of stearic acid, and 5 of zinc oxide. 

It seems generally true that raw rubber which exhibits rapid-vulcanizing proper- 
ties is always liable to give more difficulty during processing than more normal 


Figure 1 


Taste IIT 
A. Stow-VuLcanizinc RuBBER B. Quick-VULCANIZING RUBBE 


; % 
Tensile Elongation 


% 
Tensile Elongation % % 
Strength, at0.5 Elongation Strength, at0.5 Elongation 
Cure, Kg. a Kg. et at Cure, Kg. per Kg. per at yf 
Sq. Mm. Sq. Mm. 


Min. Break : Sq. Mm. Sq. Mm. Break 
Too undercured for test 
1.25 680 
1.55 640 850 
610 825 
590 800 
580 800 
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material. The ability to check up raw rubbers from the processing point of view is 
of great importance, and a method is described by means of which this may be done. 
It involves the use of the parallel plate plastometer. 

The instrument (Fig. 1) may be used as a simple recovery plastometer, the pellet 
being allowed first to stand in the constant temperature oven for 10 minutes to 
reach the oven temperature. The pellet is placed under the stem, which is allowed 
to rest for one-half a minute before the load is applied. This removes surface 
irregularities, and negatives the effect of porosity in the sample. The load is then 
lowered, and the gage-reading noted just as contact is made. After half a minute 
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NUMBER OF TIMES THROUGH MUL ATOO*C 
Figure 2—Mastication and Plasticity 


TaBLE IV 
A. Stow-VuLcanizinc RUBBER B. Qvuick-VULCANIZING RUBBER 


Per Cent Recovery Per Cent Recovery 
: Magnesia M. B. T. Magnesia ons es. 2 
Time of Compound Compound Time of Compound Compound 
Heating at 130° C. at 115° C. Heating at 130° C. at 115° C. 


Initial 19.4 22.2 Initial 29.1 10.7 
10 min. 40.5 22.0 10 min. 52.3 10.1 
15 min. 50.0 22.5 15 min. 67.0 10.4 
25 min. 65.2 24.2 25 min. 81.8 85.5 
40 min. 73.0 82.0 40 min. 85.0 93.0 


the load is raised, a second reading being taken at the moment of release. The 
pellet recovers against the weight of the stem and a third reading is taken after a 
half-minute period of recovery. 

The percentage recovery is a measure of plasticity. Plasticity is not, however, 
a sure criterion of behavior during processing. To illustrate this, the two samples 
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of smoked sheet already referred to were submitted to what may be called a “‘scorch- 
ing test.” This test has proved of immense value in forecasting the factor be- 
havior of new compounds developed in the laboratory, particularly such as contain 
very efficient accelerators. 

Fig. 2 shows the mastication-plasticity curves for these two rubbers. Further 
samples were then masticated to a common plasticity unit, and made into the 
magnesia compound and the mercaptobenzothiazole compound already described. 

The recovery test is now applied in such a way as to give an indication of the 
“scorching” or pre-vulcanizing tendencies of these compounds. 

Standard pellets are cut and heated for a range of periods (5, 10, 20 minutes, etc.) 
at a selected temperature which will ultimately produce scorching. In the case of 
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10 20 SO 
TIME OF HEATING — MINUTES 
Figure 3—Scorching of Rubbers with Magnesia. Scorched at 130°C. 


the magnesia compound, 130° C. was used. The mercaptobenzothiazole samples 
were heated at 115°C. Pellets taken at each time-interval were then submitted to 
the recovery test, and curves drawn in which the percentage recovery was plotted 
against the respective times of heating. It will be seen that with any compounded 
rubber a critical time will be reached at which scorching will commence, and there- 
fore the percentage recovery will rapidly increase. 

Figs. 3 and 4 and Table IV show the results obtained. The initial plasticities of 
the compounds are similar. 

In Fig. 3 the quick-vulcanizing rubber tends to show a more rapid increase in 
recovery with time of heating. In Fig. 4 this is much more marked. Though the 
initial percentage recovery is actually lower in the case of the quick-vulcanizing 
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rubber, after 15 minutes’ heating, the percentage recovery shows a sudden and rapid 
increase which indicates quite clearly that ‘‘scorching’’ or “‘setting up’’ has occurred. 
This change in the direction of the curve for the slow-vulcanizing rubber does not 
occur until after 25 to 30 minutes’ heating. 

This test shows that the quick-vulcanizing rubber in question will prove much 
more difficult to process. It also shows that the variations existing in raw rubbers 
as shown in rubber-sulfur mixings may persist and be of great importance in com- 
pounds containing modern accelerators. It cannot be assumed that raw rubber 
variations may be ignored in these days in spite of the great advances made in the 
compounding art. 


10) 
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Figure 4—Scorching of Rubbers with Mercaptobenzothiazole. Scorched at 115° C. 


How can these variations be avoided on the plantations? 

Obviously, the easiest and most complete method would be one of blending to as 
great an extent as possible. If the whole of a day’s crop of latex can be blended or 
bulked before coagulation, variations due to age of trees or characteristics of indi- 
vidual trees will be masked. 

Considerable advances have been made in this direction, and one special bulking 
and coagulating system now in use in Malaya employs a bulking tank of about 
2500 gallons’ capacity, which, if used for dilution, means almost 2 tons of dry rubber 
as a uniform batch. If later processes are standardized, a uniform raw rubber 
should result. 

Coagulation is carried out in a battery of tanks which are fed from the bulking 
tank. The general procedure for the preparation of smoked sheet may be described 
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as follows: (a) Latex will be diluted to 1'/2lb. dry rubber per gallon. (6b) Coagula- 
tion is effected by a stock solution of formic or acetic acid; e. g., 1 part formic acid 
(90 per cent) to 100 parts of water forms a stock solution, and 6 to 7 oz. is used for 
each gallon of diluted latex. (c) Coagulation is allowed to proceed, and after 4 hours 
the serum is run off, and the tanks filled with fresh water and allowed to stand until 
sheeting is to be carried out; e.g., overnight. (d) The coagulum is rolled or sheeted. 

Smoked sheet is dealt with for two reasons. In the first place practically the 
whole of the output from the plantation concerned is now exported as sheet; in the 
second, variation is more marked in sheet because the critical stages in estate proc- 
essing operate in favor of crepe. 

The important stages in this process are those which affect the scorching proper- 
ties of the finished raw rubber. The tendency to scorch is due to the retention in 
the rubber of the non-rubber components of the latex, some of which seem to func- 
tion as very active accelerators. This is why rubbers produced by evaporation of 
latex are so difficult to process. 

It is essential, therefore, that the plantation factory should be provided with a 
copious water supply. This is not always a simple matter, and in many cases minor 
engineering feats have been necessary before factories could be made efficient. 

If serum solids are not removed, maturation will take place. During the rolling 
of the coagulum, a plentiful supply of water must be provided. As the coagulum is 
squeezed through the nip, the serum is forced out, and the water jets must be so 
directed as to wash this exuded serum from the rubber; otherwise as the slab tends 
to recover after passing through the nip, the serum will be re-absorbed. The 
sheeting rolls are arranged in batteries, each slab passing along through each of the 
three or four machines. 

Between each mill it is advisable to plunge the slab of coagulum into a vessel 
containing fresh water. After passing the finishing or marking roll, the finished 
sheet should be placed in a soaking tank and allowed to remain in running water for 
at least one hour, the water flow to be opposite to that of the sheets. At no stage 
should wet sheets be stacked, or maturation occurs, and consequently quick, 
“scorchy” rubber is produced. 

The sheet coagulum is then subjected to the usual dripping and smoking proc- 
esses. The dripping process is essential to remove the last traces of washing water 
from the surface. There is still a further opportunity to improve the consistency 
of the rubber despatched from the estate factory. This is in the packing shed. 
Each bale is made up from a considerable number of sheets which might well be 
taken as far as possible from different days’ crops. Most rubber manufacturers are 
at present compelled to blend their supplies of raw rubber, and such a blending on 
the estates themselves should be a valuable contribution to the lessening of manu- 
facturers’ difficulties. 

In these days of low raw material prices it is unlikely that improved methods 
which entail increased expenditure on the plantations can be expected to receive 
very serious consideration. Ultimately, however, these matters will have to be 
dealt with, and a more uniform raw rubber provided. 

There is much greater agreement among manufacturers today regarding the 
desired properties of raw rubber, and the resulting demand for uniformity will be 
all the more unanimous in consequence. 

Much of the difficulty in the past has been due to the failure to indicate clearly 
and definitely what is required. The plantations should concentrate on providing a 
uniform rubber, both as regards rate of vulcanization and unvulcanized hardness, 
which shall be free from any tendency to cause premature vulcanization or scorching 
in compounded rubbers. 





{Translated for Rubber Chemistry and Technology from Kautschuk, Vol. 9, No. 8, pages 119-124, 
August, 1933.] 


The Vulcanization of Rubber 


J. Behre 


Cotoenn, GERMANY 


Not only is the rubber chemist interested in the nerve of rubber, but he is also 
interested in its rate of vulcanization, and without doubt one of the most important 
of the more recent discoveries in the field of rubber is that by the addition of small 
percentages of organic substances the time of heating can be reduced to a fraction 
of the original time. ;, 

However, the importance of determining this is just as great as are the difficulties 
in obtaining comparable results with raw rubbers which differ in origin, time of 
harvesting and preparation. I refer only to the excellent book by de Vries en- 
titled “Estate Rubber,’ in which attention is called to all the conditions which 
should be observed. 

In order to avoid all these difficulties, and above all things to be able to carry 
out a more rapid test, Le Blanc and Kréger? studied vulcanization in solution. 
Based on these experiments, Greinert and Behre* have developed further the method 
of determining the so-called time of gel formation, and have shown in a few experi- 
ments the relation between this value and the properties of hot vulcanizates. In 
the present work these relations will be made clearer with the aid of larger quan- 
tities of experimental material and by means of other measurements, and their 
practical application will also be shown. At the same time an attempt will be 
made to obtain a better concept of the processes which play a part in vulcanization. 

Greinert and Behre* proved that with increase in the degree of mastication, 
the rate of vulcanization diminished. A few examples to show this are given in 
Table I. Together with the time of gel formation which, as was seen earlier, is 
also a measure of the rate of hot vulcanization, the nerve values of the same samples 
were also determined by the capillary method. The results are shown graphically 
in Figs. 1 and 2, from which it is seen that the nerve values give the same relative 
results as do the times of gel formation, only naturally in the opposite sense, in 
that the nerve diminishes with increase in the degree of mastication, whereas the 
time of gel formation increases. Accordingly it appears that both values represent 
the same properties of the rubber. 


TaBLeE I 


la Ribbed Smoked Sheets; Gel Formation: 18 Minutes; Nerve: 6600 Sq. Mm. 
Masticated Masticated Masticated Masticated 
20 Minutes 40 Minutes 60 Minutes 80 Minutes 
Gel Gel Gel Gel 


vege Forma- Forma- Forma- Forma- 
Method of Mastication tion Nerve tion Nerve tion Nerve tion Nerve 


15 kg. masticated cold and 

on a tight mill 36 3050 2500 2150 
30 kg. masticated cold and 

on a tight mill 32 3500 2750 2750 
15 kg. masticated warm 3700 3200 3100 
30 kg. masticated warm 26 3800 3150 3500 
15 kg. masticated hot 23 4000 4200 3450 
30 kg. masticated hot 3950 
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The following experiments show, however, that the two should probably be 
regarded as different phenomena. Through the kindness of Professor de Vries 
of Buitenzorg it was possible to study a first latex crepe (so-called certificate crepe) 
from one plantation, the time of tapping of which was known, and which included 
samples taken every month for two years. Before shipment from the east by 
de Vries, these samples were tested by de Vries in the mixture: rubber 92.5, 
sulfur 7.5, and the tensile strengths and rates of vulcanization determined, while 
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15 kg. masticated cold on a tight mill 
30 kg. masticated cold on a tight mill 
15 and 30 kg. masticated warm 

15 and 30 kg. masticated hot 


the present author tested the physical properties of the samples by the same 
method in the mixture: rubber 90, sulfur 10. In Table II these results are shown 
in tabular form, and in Fig. 3 graphically. Though the nerve and tensile strength 
values show no essential fluctuations, the times of hot vulcanization and still more 
distinctly the times of gel formation show sudden changes of considerable magni- 
tude. In December, 1927, a sudden increase occurred, and in April, 1928, there 
was just as.sudden a decrease. In the second year this retardation of the rate of 
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vulcanization commenced in October, and in January, 1929, an increase again 
occurred. Surprising as it seems, the results of de Vries do not show these fluctua- 
tions. : 

Upon what do these fluctuations depend? In his book, de Vries hints at the 
influence of climate on the composition of latex, and shows that the water content 
of rubber collected in the damp season, 7. e., April to September, is greater than 
that of rubber gathered during the dry season, ¢. e., October to March. Moreover 
the quebrachitol content may diminish from 2 to 0.5 per cent at the time of leaf 
fall, though the intrinsic properties do not change during this period. Provided 
that the periodical fluctuations found in the present work are authentic, it is my 
opinion that they are not to be attributed to the use of another type of mixture, 


TABLE II 
Optimum Heating Time of Gel 
Elasticity, Nerve in at 3.5 Atmospheres Formation in 
Time of Tapping in Sq. Cm./Kg. Sq. Mm. in Minutes Minutes 
1927 
July 130 120 
August 132 120 
September 134 118 
October 148 120 
November 148 120 
December 139 130 
1928 
January 137 126 
February 141 128 
March 143 130 
April 139 110 
May 140 123 
June 144 119 
July 145 124 
August 138 105 
September 137 107 
October 140 124 
November 130 139 
December 148 3800 120 
1929 
January 136 5200 112 
February 138 5400 118 
March 134 5100 123 


but to maturation of the rubber, which on the average was tested three months 
after it had been gathered. It is surprising that a wet season gives a latex which 
vulcanizes more rapidly than does that of a dry season. It is probable that this 
depends upon the proportion of water-soluble fatty acids, since in the wet season 
when the latex contains more water, a greater part of the acids will diffuse out of 
the disperse phase. Van Rossem and Dekker‘ have called attention to the im- 
portance of the fatty acids, and have suggested a method for their determination. 
Unfortunately it was not possible in the present work to study the fatty acids in 
the certified rubber. Instead, the fatty-acid content of five samples of first latex 
crepe which varied in their rates of vulcanization were determined. Table III 
shows these results. In addition, the nerve, plasticity, elasticity, and elongation 
of these samples were measured. 

From the data one sees clearly the influence of free fatty acids on the rate of 
vulcanization; Sample 1 with the lowest content vulcanized most rapidly, Samples 
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2 to 5 all showed the same optimum, though the values for 120 minutes showed a 
decidedly different diminution in tensile strength, which corresponded exactly 
to the fatty acid contents. The sample of rubber with the highest content showed 
the smallest decrease. The plasticity value was also obviously influenced by the 
fatty acid content, and this was particularly noticeable in the case of Samples 3 and 
5, t. e., the sample with the higher fatty acid content was the softer. This effect 
is, however, partially offset by the different nerve values which also change the 
plasticity of rubber, as has already been shown.’ The saponifiable fats apparently 
influence neither the rate of vulcanization nor the plasticity. 

The objection may be raised that, in mixtures with modern accelerators, differ- 
ences in the rate of vulcanization of rubber no longer play any part, since the 
accelerators equalize these differences in rate. A test was carried out with a mixture 
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accelerated with mercaptobenzothiazole + diphenylguanidine, and it was found 
that with the same optimum of vulcanization the rubber which originally vul- 
canized more rapidly aged distinctly worse in the Geer oven than did the rubber 
which originally vulcanized more slowly. 

In this connection I refer to the results of my study of the relations between 
nerve and tensile strength. The result is of interest because the ratio: tensile 
strength/nerve, is a constant which seems to be characteristic of every rubber. 
K = 1.5 X 10-* for first latex crepe and smoked sheets, 1.6 X 10-% for brown 
crepe 1.9 X 10-* for “spread” rubber. This means that for the same tensile 
strength the nerve of crepe and sheets is greatest, followed by brown crepe and 
lastly by spread rubber. At first glance this is surprising, since spread rubber 
always has the most nerve. However the explanation is simple: nerve is defined 
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TABLE III 
Acetone-Extract Plasticity 


Total Saponi- v~ mis at 30 
Quantity fication Fatty Atmospheres Nerve, 
in % Number Acids (80°) Sq. Mm. 


3.3 175 282.0 10 8975 
. 156 314.0 13 
162 323.5 9 
143 363.5 11 
133 423.4 13 


Mixture: 90.0 Rubber, 10.0 Sulfur Optimum values. 


a) 

90 Minutes 

70 Minutes 4 Atmospheres 100 Minutes 
112/775 24/420 28/300 
76/830 127/845 12/237 
59/812 94/753 75/785 
46/832 105/812 83/812 
67/822 102/740 90/782 


by the tenacity of the micelles, and as is well known, spread rubber in particular 
contains many non-rubber components which in the other kinds are washed out 
or are otherwise removed. These non-rubber components must penetrate between 
the micelles, or rather they are already present during coagulation and prevent 
bonding of the micelles. During vulcanization, these substances, which are 
natural accelerators, promote bridge formation between the rubber micelles (about 
which more will be said later), and in this way contribute to high tensile strengths. 

If we consider all the results, we are able to establish that the rate of vulcaniza- 
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tion of rubber is proportional to its nerve and to its content of natural and artificial 
accelerators and inversely proportional to the free fatty acid content. 
This can be expressed in a formula thus: 


N.B* 
v=C a 
where v is the rate of vulcanization, C is a constant, N is the nerve, B is the quan- 
tity of accelerator and S is the fatty acid content. 

The exponents n and m which B and S respectively carry should be less than 1, 
since it is to be assumed that with increase in the accelerator and fatty acid con- 
tents the influence of these substances reaches a final state, or expressed graphically, 
it approaches the z-axis asymptotically. 

The effect of increasing quantities of a few accelerators, viz., diphenylguanidine 
mercaptobenzothiazole, and hexamethylenetetramine, are shown in Figs. 4 and 5. 
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The values are taken from a study by Bolle,’ and show once more the change 
in the rate of vulcanization, as well as the curve of the trend of the tensile strengths 
with increasing additions. The curve of diphenylguanidine in Fig. 4 confirms 
what has been said above, whereas the curves for mercaptobenzothiazole and 
hexamethylenetetramine have an entirely different form, ¢. ¢., in the case of mer- 
captobenzothiazole a rectilinear decrease and in the case of hexamethylenetetra- 
mine an initial increase, followed by a very gradual decrease. If, however, the 
values are plotted on a logarithmic scale, the analogous behavior of all three 
accelerators is evident. ’ 
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ie where a is the 
time of vulcanization, b the number of molecules of accelerator added, and C and 
n are constants. The curves differ only in the magnitude of C, which therefore 
represents a measure of the activity, whereas n is practically the same. Figure 5 
shows the tensile strength curves: with diphenylguanidine the results are similar 
to those representing the rate of vulcanization, 7. ¢., an increase and an asymptotic 
trend; with mercaptobenzothiazole a slight diminution, and with hexamethylene- 
tetramine a considerable diminution of the tensile strength with increasing addi- 
tions. Finally Table IV shows the influence on the plasticity of the accelerators 
in a 10 per cent mixture. 


Accordingly the curves follow the well-known formula: a = 


TABLE IV 


Plasticity ¥~mis at 30 
Accelerator Mixture with 10 Per Cent of Atmospheres at 80° 


Diphenylguanidine 52 X 10-* Mol. 50 
Mercaptobenzothiazole 66 X 10-* Mol. 28 
Hexamethylenetetramine 130 X 10-* Mol. 43 
First latex crepe masticated alone 43 


It is seen that larger quantities of diphenylguanidine have a softening action, of 
mercaptobenzothiazole a hardening action, whereas hexamethylenetetramine is 
without effect. Bolle’ found that with low percentages there was no appreciable 
effect on the plasticity. In considering these results it must not be forgotten, 
as the author’ has already emphasized, that the method of determining the softness 
is relatively inexact; differences of +5 per cent still lie within the limits of error. 

How are these phenomena to be explained? On the basis of theories on the 
problem of vulcanization known up to this time, no clear picture is possible. Ac- 
cordingly the author has tried to review these phenomena only from the physico- 
chemical point of view. As has been stated previously,* rubber can be considered 
as electrically charged colloid particles, where the carriers of the charges are the 
proteins, while the dispersing agents are the fats and fatty acids. If diphenyl- 
guanidine is added to this gel, there is, besides a disaggregation upon mastication, 
a charging action by the accelerator, with a resulting peptization. The particles, 
which are secondary particles in the Zsigmondy sense, are made smaller upon 
further addition of diphenylguanidine. This division continues until only primary 
particles are present. If now sulfur is added and the mass becomes more reactive 
through an increase in temperature, vulcanization sets in. Expressed in terms of 
the theory of the present author, the electrically oppositely charged sulfur particles 
discharge the rubber micelles and thereby bring about their aggregation. If by 
the addition of an accelerator all secondary particles are split up into primary 
particles, the discharge proceeds more rapidly, since a more freely moving medium 
is present than in the highly aggregated rubber. This acceleration of vulcaniza- 
tion reaches its maximum as soon as diphenylguanidine has split up all the sec- 
ondary particles into primary particles. Expressed graphically, if the rate of 
vulcanization is shown as a function of the accelerator, the curve will then ap- 
proach asymptotically the abscissa axis, as is shown in Fig. 4. The course of the 
tensile strength curve can also be explained according to this reasoning. As 
Zsigmondy’® has proved in the case of inorganic colloids, the precipitating agent is 
adsorbed by the micelles. In the present case, the sulfur is combined and forms 
a bridge between the rubber micelles.%* The more primary particles these con- 
necting members have, the stronger is the whole mass, and the maximum point 
is reached when all the primary particles are engaged, 7. ¢., at the point which also 
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corresponds to the optimum of the rate of vulcanization. This is actually the 
case with an addition of 12 X 10~* molecules of diphenylguanidine (see Figs. 4 
and 5). 

With mixtures containing mercaptobenzothiazole, the relations are quite 
different. Table IV shows that mercaptobenzothiazole has a toughening effect. 
It assists the action of sulfur and therefore brings about an aggregation in itself, 
which naturally is quite a different structure from the structure produced by sulfur. 
That the time of vulcanization is longer with the same molecular addition depends 
upon the fact that the system is much less reactive than with diphenylguanidine, 
where the gel is profoundly disintegrated by peptization. The tensile curve drops. 
progressively as the additions increase, which is explained by the fact that the 
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bridge formation of rubber-sulfur, as has just been stated, cannot take place 
within the mass, and that with increasing additions the gel formed by mercapto- 
benzothiazole increases continuously. 

Finally, the curves with hexamethylenetetramine should be considered. This 
accelerator has neither any softening nor toughening action, which accounts for 
its well-known slight activity; only at 10 X 10~* molecules is there any appreciable 
shortening of the time. In the opinion of the author, this can be explained only 
by the fact that on account of its large, apparently leaf-like molecule hexamethyl- 
enetetramine penetrates mechanically between the rubber micelles, and in this 
way disperses them. Naturally therefore there is a diminished tensile strength 
(see Fig. 5). As further proof of the correctness of this idea, the stress-strain 
curves for the three accelerators are shown, 7. ¢., for diphenylguanidine and mer- 
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captobenzothiazole curves of mixtures with 12 X 10~-* molecules, for hexamethyl- 
enetetramine a curve of a mixture with 20 <X 10-* molecules, since these points 
are approximately the optima of the activity. 

Fig. 7 also shows the characteristic differences. For the mixture containing 
diphenylguanidine, whose structural elements are in our opinion bridges, the 
curve shows a course characterized, particularly in its second part, by an increase 
to very high tensile strengths for very small increases in elongation. Nothing else 
is to be expected from a system of such rigidity. The case is entirely different with 
the mercaptobenzothiazole mixture, 7. e., a high elongation for very small increases 
in stress, accompanied by a high resistance to tearing. The flat course is explained 
by large micellar bonds of rubber which, as has been seen earlier, are formed by 
the accelerator, and it is quite evident that these are very much more easily 
stretched than the micellar bonds of rubber-sulfur. The case is more complicated 
with hexamethylenetetramine: in these high additions there is a regeneration, as 
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is known, and therefore, according to the theory of the present author, a rupture of 
the rubber-sulfur bridges by loss of sulfur, which gives a structure with high elonga- 
tion and low tensile strength. This is seen in Fig. 7. 

In the present work an interpretation of the behavior of only three accelerators 
has been attempted, and mixtures with zinc oxide which are of more practical 
importance have been left out of the discussion at the moment, since the phenomena 
are still too complicated. Here, too, chemical reactions must certainly be taken 
into account. in view of the ideas advanced above, it might be of interest to 
obtain an idea of the size of the rubber micelle. According to determinations of 
other authors’ the micellar weight of unmilled rubber is approximately 100,000, 
which means that 1500 C;Hs-groups are united in 1 micelle. With the diphenyl- 
guanidine curve, it was assumed that cleavage into primary particles was complete 
with 12 X 10-* molecules. This means that for every 12 X 10~-* molecules there 
are 100 parts or 1.47 C;Hs molecules, and 6 parts or 0.187 molecule of sulfur. For 
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one molecule of diphenylguanidine, therefore, there are 122.5 molecules of C;Hs 
and 15.6 molecules of sulfur. If it is assumed, as do Hauser and Mark," that the 
elementary structural unit consists of 8 CsHs groups, then one micelle has: 


[(CsHs)shis.s + (HNC,H;).C:NH - 15.6 Ss 


The micellar weight of rubber would then be 8323, a value which agrees in its 
order of magnitude with the values of extensively broken-down rubber, as found 
by other investigators.'° 


Summary 


In the present work the problem of vulcanization has been studied from the 
physico-chemical point of view. It is proved in this way that the rate of vulcani- 
zation depends not only upon the nerve of the rubber, but also upon its content of 
natural accelerators and of fatty acids. The influence of the month of harvesting 
on the results is shown, and finally a new theory on the action of accelerators is 
developed, which is based on studies of diphenylguanidine, mercaptobenzothiazole, 
and hexamethylenetetramine. If this theory is essentially correct, the problem 
of vulcanization can be approached from an entirely new point of view and with 
colloid-chemical means. This in turn certainly offers great possibilities in the 
development of new accelerators. 


References 


1 De Vries, ‘‘Estate Rubber’’ Batavia, 1920, Ruykrog and Co. 

2 Le Blanc and Kréger, Kolloid-Z., 33, 168 (1923); Z. Elektrochemie, 27, 335 (1921). 

3 Greinert and Behre, Kautschuk, 2, 63 (1926). 

4van Rossem and Dekker, Ind. Eng. Chem., 18, 1153 (1926). 

5 Behre, Kautschuk, 8, 167 (1932); Rubber Chem. & Tech., 6, 244 (1933). 

6 Behre, Jbid., 7, 161 (1931). 

7 Bolle, ‘‘Experiments on the Relative Effect of Organic Accelerators of Vulcanization,”’ Thesis, 
Hannover, 1930. 

8 Behre, Kautschuk, 2, 227 (1926). 

® Zsigmondy, ‘‘Kolloidchemie,’’ 3rd Edition, Leipzig, 1920, page 249. 

9* Kindscher, ‘Handbuch d. Kautschukwissenschaften,” 1930, page 330 and following. 

10 Kroepelin and Brunshagen, Ber., 61, 2441 (1928); Caspari, J. Chem. Soc., 105, 2139 (1914); 
Bachmann, Behre and Blankenstein, Kolloid-Z., 57, 71 (1931). 
11 Hauser and Mark, Kolloidchem.-Beihefte, 22, 63 (1926). 





{Translated for Rubber Chemistry and Technology from Kautschuk, Vol. 9, No. 10, pages 146-148, 
October, 1933.] 


Investigation of the Aging 
Processes of Rubber 


Il. The Gold Reaction of Products of the Initial 
State of Oxidation 


B. Dogadkin and W. Balandina 


INSTITUTE OF THE RUBBER INDUSTRY, Moscow 


In Kautschuk (May, 1933, page 70) there isa description by Kirchhof of an ex- 
tremely simple method for observing the changes in rubber which are brought 
about by light. We believe therefore that the publication of the results of certain 
similar experiments carried out by one of us in 1932! is not wholly without interest. 

Our work bears a direct relation to the attempts of several investigators to find 
a color reaction suitable for both the qualitative and the quantitative determina- 
tion of the substances formed by oxidation of rubber during aging. Thus for 
example the iodine-starch reaction has been proposed by van Rossem and Dekker? 
and by Kemp, Bishop, and Laselle.* The reaction with pine extract is highly 
specific, and was used to detect levulinic aldehyde by Temple, Cadwell, and Mead.‘ 
To this category also belongs the reaction upon which is based the method proposed 
by van Rossem and Dekker,® and used extensively by Busse.* This consists of 
taking a photograph of rubber on a plate by the action of a volatile product of the 
oxidation of rubber upon the emulsion. Our problem here was not the search for 
a specific reaction of this or that product of the aging of rubber. We tried rather 
to find a sufficiently sensitive and at the same time simple reaction which would 
make possible a clear picture of the changes taking place in the rubber. Pro- 
ceeding from the sufficiently well established .idea that products of a peroxidic 
character and, in the presence of water, aldehydes are formed as a result of the 
aging of rubber in an atmosphere of oxygen, we attempted to make use of their 
ability to reduce salts of noble metals. 

Under certain conditions the reduction leads to the formation of colloidal solu- 
tions. As is known, however, colloidal solutions are capable of acquiring extremely 
intense colors, and therefore this reaction, which involves the obtaining of such 
solutions, can be applied with advantage to analytical purposes. Thus, for ex- 
ample, the color of colloidal gold is around 400 times as intense as that of fuchsin,’ 
and the color of colloidal silver in a layer 1 cm. thick diluted 1:10° is still plainly 
visible. 

In the beginning we took up the reaction of the reduction of ammoniacal silver 
solution. However a few inconveniences were found in such a method. The 
silver solution is altogether too sensitive toward the direct action of light; more- 
over upon reduction the silver separates as a mirror on the walls of the vesssel 
which makes impossible a valuation of the color intensity of the solution. Far 
more convenient was found to be the reduction of gold chloride, a reaction studied 
exhaustively by Zsigmondy and his co-workers.® 

This reaction was used by us in the following way. A mixture of solutions of 
gold chloride (1.25 grams of gold chloride in 250 cc. water) and potassium carbonate 
(0.18 normal) in the ratio of 5:6 was prepared. Two cubic centimeters of the 
mixture were heated to boiling in a Jena glass flask. To the boiling solution was 
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gradually added the aqueous rubber extract (5 cc.) under examination. The new 
mixture was then heated to boiling and allowed to remain one-half hour on a 
water bath. Under these conditions a rose colored solution of colloidal gold was 
formed, the concentration of which was determined by means of a Kleiman nephelom- 
eter. 

The aqueous extract was prepared in two ways: (1) A rubber solution in benzene 
(about 1 per cent) was agitated for 15-20 minutes with one-half its volume of 
water, and the emulsion was allowed to settle, under which conditions the separa- 
tion into layers was hastened by cautiously stirring with a glass rod. The aqueous 
extract was then separated off by suitable means. (2) Rubber strips were covered 
with a little water and the whole was let stand one hour. In the case of quanti- 
tative determinations, a constant relation was maintained between the amount of 
water and the surface of the rubber sample. In the experiments to determine the 
effect of light, the illumination of the rubber was carried out under water in quartz 
flasks, and the extract was then used for the reduction of gold chloride. 

The results of our experiments showed that the aqueous extract of the pale 
crepe at our disposal, which up to that time had not been exposed to the direct 
action of light, did not reduce gold chloride solution. To a certain extent this 
fact seems to be incomprehensible, since the presence of monoses, traces of sulfite 
and other reducing agents would have been expected in the extracted substances 
of the crepe. However, as we had also expected, distinctly colored solutions of 
colloidal gold were obtained by the action of extracts from rubber which had been 
irradiated with a quartz lamp. The concentration of these solutions, as well as 
the intensity of their coloration, depended upon the time of exposure of the rubber. 
The concentration of colloidal gold increased at the beginning, and reached its 
maximum between 20 and 30 minutes of irradiation, after which it began to di- 
minish. A similar phenomenon was also observed with the sample of smoked 
sheets. Upon irradiation this type of rubber also gave an aqueous extract which 
had a reducing action on gold chloride. The intensity of the reduction changed 
however as a result of an enrichment of oxidation products during the irradiation, 
and these changes were similar to those observed in the case of pale crepe. This 
may be seen in Table I, where nephelometric data on a comparison of solutions of 
colloidal gold with a standard solution are tabulated. 

The data in column 1 are for an extract which was obtained by emulsification 
of 40 cc. of a 1 per cent solution of pale crepe in 20 cc. of water. This solution 
was irradiated. Column 2 gives data on an extract of pale crepe (1.5 g. per 20 ce. 
water). The data in column 3 deal with an extract of smoked sheet. It can 
therefore be proved in this way that the sample of pale crepe studied by us behaves 
differently toward the reduction of gold chloride than does a sample of Ceylon 
crepe described by Kirchhof with respect to the reduction of an ammoniacal silver 
solution. We found no rational explanation for this phenomenon. However 
the changes in the intensity of the gold reaction observed by us seem to be per- 
fectly regular. The reduction of gold chloride is apparently the effect of the per- 
oxides formed during the first moments of the oxidation of the rubber. As proof 
of the correctness of this idea is a photographic plate by van Rossem and Dekker," 
where the same kinds of pale crepe and smoked sheet were used. Samples which 
have not been irradiated give no photographic picture. The intensity of the latter 
changes in a similar way to that of the gold reaction. 

Products of this character appear as initial products of the oxidation of rubber. 
Subsequently they apparently decompose, with formation of carbonyl and car- 
boxyl groups containing bonds, The formation of these products must obviously 
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result in a decrease in the reducing power of the aqueous extract which, as a matter 
of fact, was actually observed after an irradiation for 30 minutes. 

Similar changes were observed upon milling rubber. When milled hot it was 
not possible to obtain a definitely perceptible gold reaction in the rubber extracts. 
Only in the case of a cold-milled pale crepe, when the treatment of the rubber was 
continued for 10 to 20 minutes, could a gold reaction be observed. Longer milling 
did not improve the reaction in any way; on the contrary it was without effect 
(see Table I, column 4). 

As an indirect confirmation of the theory that the reduction of gold chloride 
solution by extracts of pale crepe depends upon substances formed by photo- 
chemical changes in the rubber is the fact that water-soluble products of an acid 
character are formed at a definite stage in the oxidation of rubber.!? 


TABLE I 


INTENSITY OF THE GOLD REACTION AS A FUNCTION OF THE TIME OF IRRADIATION OR OF 
MILLING 
Time in Results with the Nephelometer 
Minutes 1 3 4 
0 20.2 No coloration 
22.5 ; 24.0 Coloration 
28.0 : 33.5 Coloration 
24.4 j 30.0 No coloration 
No coloration 


23.0 5. 28.3 


TaBLe II 
Speciric ConDUCTIVITY OF THE AQUEOUS RUBBER EXTRACTS AS A FUNCTION OF THE 
Time OF IRRADIATION OR OF MILLING 
Time in Specific Conductivity K X 1075 
Minutes 1 2 3 
0 1.34 0.81 9.20 
5 i ts +r 
10 1.15 0.72 8.15 
20 1.29 0.76 8.45 
30 1.63 0.84 9.52 
40 sis 0.85 FF 
50 pts ae ‘F 
60 2.08 1.04 10.66 


An analytical determination of these substances is especially difficult. How- 
ever in connection with the formation of such substances, the change in a series of 
physical chemical constants of the aqueous rubber extracts was to be expected. 
We therefore undertook measurements of their electric conductivity. Figures 
are given in Table II for rubber which had first been either irradiated with a 
quartz lamp or masticated. The experimental conditions and the headings of 
the columns are the same. 

If the data in Tables I and II are shown graphically (Fig. 1), it is quite obvious 
that the intensity of the gold reaction, as judged by the nephelometer and which 
reached its maximum at 20-30 minutes’ exposure, remained at a nearly constant 
level corresponding to 30 minutes’ effect. The electric conductivity of the aqueous 
extract on the contrary commenced to increase uninterruptedly after the first 30 
minutes. The minimum in the curve, corresponding to an exposure of 10 minutes, 
does not appear to be exactly sharp. In any case a contrary trend of the curves of 
the gold reaction and the electric conductivity warrents the conclusion that the 
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former depends upon intermediate products of photo-chemical changes in the 
rubber. After they have reached a maximum, their quantity remains at a constant 
level which is governed by the rate of the parallel secondary reaction and the con- 
ductivity of the aqueous rubber extracts, as a result of which there is an increase 
in products which increase the conductivity of the aqueous extract of the rubber. 

We have already advanced an argument in favor of the view that the formation 
of substances of a peroxide character (possibly aldehydes as well) with a high 
reducing power must be regarded as the initial reaction. In addition to this, sub- 
stances of an acid character are formed. 

In this way the reaction in which colloidal gold is formed is of interest not only 
as a qualitative test of products of the oxidation of rubber, but also it may to a 
certain extent contribute to the quantitative study of changes in rubber products 
during aging. 


Summary 


1. Aqueous extracts of pale crepe, which were exposed to the radiation of a 
quartz lamp or which were masticated for a short time on cold mills, reduce slightly 
alkaline gold chloride solution with the formation of colloidal gold. 

2. The maximum intensity of the gold reaction under the experimental con- 
ditions described lay within the limits of 20-30 minutes’ exposure to radiation. 

3. The maximum intensity for smoked sheets lies within the same range; 
however even before irradiation this rubber yields an extract which reduces gold 
chloride. 

4. The electric conductivity of aqueous extracts increases continuously, and 
under the experimental conditions described began after 30 minutes of irradiation 
of the rubber, 
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5. The character of the variations in the intensity of the gold reaction and the 
electric conductivity of the extracts must be explained on the basis of corre- 
sponding concepts of the chemistry of changes in rubber during aging. 
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The Antioxidants of Rubber 
Latex. I. 


H. F. Bondy (in Collaboration with G. G. Lauer) 
CHEMICAL LABORATORY OF THE UNIVERSITY OF FREIBURG, I. BR. 


THEORETICAL PART 
A. Introduction 


Various authors! have observed that raw rubber from which the acetone-soluble 
portions have been removed deteriorates much more easily than does crude raw 
rubber itself. It is certain that this deterioration is associated with an autoéxida- 
tion of the rubber. In this laboratory? it has been proved in different ways that 
sheets of crude rubber may lie in the air for years without any change. On the 
contrary, rubber which has been purified according to Pummerer’s method? is 
extraordinarily sensitive to oxygen. If such a purified rubber lies in the air for a 
couple of days it loses its elasticity, becomes tacky and short, and finally becomes 
completely fluid. Accordingly there must be a substance in natural rubber which 
prevents the autodxidation of the hydrocarbon, or at least retards it greatly. The 


object of the present work was to identify this substance, to isolate it, and to explain 
its constitution and its mode of action if possible. 


B. Method 


I. Viscosity as a Measure of the Autoéxidation.—In carrying out work upon the 
problems named above, other investigators‘ have usually measured the rate of the 
absorption of oxygen. It seemed to the authors that the presence of antioxidants 
could be observed in a more precise way by viscosity measurements than by oxygen 
absorption. According to Staudinger, oxygen, perhaps in a peroxide form, is 
absorbed during autodxidation. However such rubber peroxides are not stable 
and decompose very easily. In this decomposition the long molecule is broken up. 
It is now known that long molecules give highly viscous solutions, and short mole- 
cules on the contrary give solutions of low viscosity.5 If, therefore, rubber absorbs 
small quantities of oxygen, the viscosity of the solution will diminish very greatly. 
Accordingly viscosity measurements furnish a sensitive means of detecting the 
autodxidizability of rubber. The measurements were carried out in a Ubbelohde 
viscometer, since in most cases substances were used in which the viscosity depends 
upon the pressure. 

In Table I are given the 7, values, 7. e., the relative viscosities for two different 
pressures (in cc. of mercury). 1, is equal to the pressure times the rate of flow of the 
solution divided by the pressure times the rate of flow of the solvent. 

We are aware of the fact that a strictly precise comparison can be made only with 
the same average rates of fall.6 Since, however, orienting measurements were 
involved, the data on 7, are sufficient. 

II, Experimental.—It was proved in a series of experiments that rubber solu- 
tions in darkness do not in general autodxidize, a fact which was proved simultane- 
ously by Staudinger and Leupold.’ Likewise the presence of antioxidants in 
solutions in light could not be proved, since all solution in light, whether or not they 
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TABLE I 


nr OF RuBBER SaMpLes LEFrT IN THE Souip STATE IN AIR AND IN LicuHt. 0.1-MoLar 
SOLUTIONS IN TETRALIN 
Raw Rubber Pure Rubber Fraction 


Crepe Extracted Rubber + 5% Rubber 
Rubber with Acetone Fraction Resin 


A 


70Cm. 20Cm. 70Cm. 20Cm. 70Cm. 20Cm. 70Cm. 20 Cm. 
4 Hg. Hg. H Hg. Hg. Hg. Hg. 
13.3 : 4.2 


13.3 
12.2 
12.5 
12.5 


2.1 





Not irradiated 
Irradiated 
2 days 
7 days 
14 days 
30 days 
Extra 3 days in so- 
lution 


to 00000000 
So NNEKOD OR 


TABLE II 


nr OF SAMPLES IN THE SOLID StaTE Exposep To UttrA-VIOLET Licut 1n Arr. SOLVENT: 
TETRALIN 
Pure Balata 
Pure Rubber Pure Rubber Pure 5% Rubber Unpurified 
Fraction 5% Resin Balata Resin Balata 
0.2-Molar 0.2-Molar 0.2-Molar 0.2-Molar 0.2-Molar 


70Cm. 10Cm. 70Cm. 10Cm. 70Cm. 10Cm. 70Cm. 10Cm. 70Cm. 10Cm. 
Hg. Hg. Hg. Hg. Hg. Hg Hg. Hg. Hg. Hg. 
Not irradiated 8.3 9.4 8.0 9.2 5.8 6.2 3.2 3.5 
Irradiated in 
ultra-violet 
light for 
4 hours 7 
12 hours ? : “f 
36 hours : 5 “f 
Appearance U 








; .0 é ‘ . 1 2.7 2.9 
; 8 : ‘ . | 2.7 2.8 
d .0 9 2.4 2.5 


nchanged nchanged Darker, 
transparent brittle mass otherwise 
unchanged 


contain antioxidants are decomposed to the same degree. The antioxidant is 
present in solution in too low concentration. Only when the various types of rub- 
ber in a solid state were exposed to light and air were positive results obtained. 
It is easily seen from Table I that crepe rubber and pure rubber + 5 per cent rubber 
resin have not been broken down, in contrast to the other types of rubber. 

In general there was no decomposition in nitrogen on exposure to light. 

Because of variability of the light, the results were not easily reproducible, and 
therefore daylight was replaced by ultra-violet light. Balata proved to be an 
especially good substance for study, since it is more easily handled than is rubber. 
It was used in all cases in the various tests of the following work. 

Table II shows that the results were the same as in daylight, and were obtained 
more quickly. Where the total resin was added in concentrations below 5 per cent 
to the rubber or to the balata its effect diminished, though it was still distinct, 
even with the addition of 0.1 per cent of resin. 

Heating of the resin for 8 hours in air at 120° did not reduce its effectiveness 
but on the other hand increased it. 


C. Investigation of the Fractions of the Acetone Extract 


The total acetone extract of the rubber was analysed by the method of Staud-_ 
inger* and separaged into the various fractions. Further analysis will be made in 
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the near future. Naturally in order to study the antioxidizing action, only such 
fractions could be used as were soluble in benzene and tetralin. 

In the first experiments the following fractions were studied. Five per cent of 
the particular fraction was added to the balata or rubber mixture: 


stearic acid 5. amino acids 
neutral substances 6. bases from the ether-insoluble por- 
tion (from serum) 


acid amides phenols 


7. 
other acids 8. bases 


In Table III the substances are so arranged that the activity increases as one 
reads toward the right. As may be seen, stearic acid, neutral substances, and acid 
amides are wholly inactive. Acids, amino-acids, and bases from the serum and also 
phenols give a feeble reaction. The effect is complete upon the addition of basic 
substances; the feeble action of other substances may be perhaps attributed to the 
fact that fractionation is not complete. For further comparison one experiment 
was carried out with balata + 5 per cent of total resin. In general the experiments 
in daylight show the same results as in ultra-violet light, except that the phenols 
do not seem to have such a highly protective action in daylight as in ultra-violet 
light. 

The intensity of the autodxidation can be explained under the heading “‘appear- 
ance of the solid substance” after irradiation and ‘iodine precipitation.’ It is seen 
that the autodxidized products are brittle, and as a result of their peroxide content 
precipitate iodine from an acidified potassium iodide solution. The protected 
substances show only a slight or no iodine precipitation. They are not brittle, but 
rather are fibrous and asbestos-like, as is pure and unoxidized balata. Moreover 
the protected substances do not have a tendency to pass over the three-dimensional 
molecules, as can be seen from the fact that the substances to which an antioxidant 
has been added, dissolve completely after irradiation. This phenomenon agrees 
with observations by Pummerer,® who showed that a gelatination of rubber solu- 
tions was retarded by the addition of hydroquinone. The phenomenon is easily 
explained, since in this case formation of three-dimensional molecules is brought 
about by oxygen bridges.!° Our antioxidants prevent the reactivity of the oxygen. 

These experiments were carried out with pure balata, and also with a pure rubber 
fraction, which were prepared according to directions in an earlier work! (see 
Table IV). The substances are arranged the same as in Table III, and the effects 
are about the same as with balata. The rubber which was treated with 5 per cent 
of bases was completely unchanged in appearance and behavior after irradiation. 
No iodine separated out from the acidified potassium iodide solution. This rubber 
therefore was completely protected against autodxidation. In this case also, the 
formation of three-dimensional molecules was prevented by the addition of the 
antioxidant. This can be seen under the heading “appearance of solution.” On 
the basis of both of these tables it is fairly certain that the substance which prevents 
the autoéxidation of balata and of rubber is to be found among the basic substances 
of the rubber-acetone extract. 


D. Experiments with Dyes 


An examination of the last columns of Tables III and IV shows the surprising fact 
that those solutions which contain the most active antioxidant have the deepest 
brown color. The substances were irradiated in the solid state, in which form the 
different colors are not plainly recognized. In the case of solutions, however, it is 
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found that the deeper brown the color of the solution is, the greater is the protective 
action. Furthermore it has been shown above that the autodxidation of rubber 
and of balata is a light reaction, and does not take place in darkness. In this 
connection an examination of the phenomena leads to the suggestion that a dye is 
present among the basic substances of the rubber-acetone extract. This dye must 
have the property of absorbing the radiation which is active in bringing about the 
autodxidation of rubber and balata. The prevention of the autodxidation of 
rubber and of balata can then be easily explained on the assumption that this dye 
envelops the individual rubber molecule, and thus prevents penetration of the 
radiation which is active in bringing about autodxidation. 

In order to test this theory further, we chose as the basic component of the 
acetone extract in the following experiments a dye which had the same color, viz., 
a-benzeneazo-6-naphthylamine. The first experiments were carried out with 
balata, and 5 per cent, 1 per cent, and 0.1 per cent of the dye were added in the 
usual way. The results are summarized in Table V. For a comparison, balata 
containing 5 per cent of bases and also pure balata were tested. The same experi- 
ments were also carried out with a pure rubber fraction. These results are shown 
in Table VI. 


TABLE VI 


RuBBER + a-BENZENEAZO-B-NAPHTHYLAMINE. 0.2 Moar SOLUTIONS IN TETRALIN 
Rubber Rubber Pure 
+ 5% Bases + 5% Dye Rubber 
70 Cm. 20Cm. 70Cm.20Cm. 70Cm. 20 Cm. 
Not irradiated 8.0 9.2 8.2 9.6 8.3 
4 hours in ultra-violet light ERS 7.8 4.0 
7.5 ; 3.5 
7.6 8.9 x 





8 hours in ultra-violet light 7.5 8.4 
7 days in daylight 18 29 


8 hours in ultra- { Appearance of the solid Unchanged Unchanged 


substance 


violet light 
Iodine precipitation Positive 


Both tables show that this azo dye retards autodxidation very greatly. Its 
effect is even greater than that of the basic component of the rubber resin, and it is 
still very great at a concentration of even 0.1 per cent. The theory seems to be 
confirmed therefore that the autodxidation of rubber and of balata is retarded by 
a colored component of the rubber resin. 

The objection may be raised to this last experiment that the action of a dye is not 
involved here, but that the B-naphthylamine component of the dye retards chemi- 
cally the autodxidation. A large number of amines are known which have been 
used for a long time industrially as protective agents against aging. In order to 
study this question more closely, 5 per cent of azobenzene, which is a component of 
the dye, was added in one experiment to the balata, and in another case 5 per cent of 
B-naphthylamine was added. In this connection it should be noted that azo- 
benzene itself is bright yellow, whereas B-naphthylamine is colorless and darkens 
during irradiation. . 

This experiment renders the objection of little value. It is clear that the colored 
azobenzene has a particularly strong action in retarding autoéxidation. It is just 
as great as that of the azo dye, and a chemical effect does not explain the phe- 
nomenon. Nevertheless 6-naphthylamine also shows a distinct though slight pro- 
tective effect. This phenomenon can be explained by the fact that the solid sub- 
stance treated with 8-naphthylamine turns dark upon irradiation. Naturally the 
solution which was prepared for mixing with 6-naphthylamine was colorless. 





TaBLe VII 


Batata + 5% AZOBENZENE, BAaLata + 5% B-NAPHTHYLAMINE, 


Not irradiated 

4 Hours in ultra-violet light 

8 Hours in ultra-violet light 

7 Days in daylight 

Appearance of solution before exposure 
Appearance of the solid substance after exposure 


Balata + 5% 
Azobenzene 
70 Cm. 20 Cm. 

6.9 7.2 
6.9 ( ee 
6.7 7.0 
7.0 7.3 
Yellow brown 
Unchanged 

(yellow brown) 
Completely dis- 





0.2-MouarR SOLUTIONS IN TETRALIN 


Balata + 5% 

8-Naphthylamine 

70 Cm. 20 Cm. 
6.9 7.2 
4.8 5.0 
4.1 4.3 
3.9 4.1 
Colorless 
Somewhat brittle 

(yellow brown) 

Much undis- 





Pure 
Balata 


1.8 
Colorless 
Brittle 
(colorless) 
Undissolved 


Appearance of the solution after exposure 


solved solved 


TaBeE VIII 


Bauata + 5% or Various Dysrs. 0.2-MoLar SOLUTIONS IN TETRALIN 


Balata + 5% Balata + 5% Balata + 5% 
Azo Dye Azobenzene Alizarin 


Balata and Pure 
Carotin Balata 
70Cm. 20 Cm. 20 Cm. 20 Cm. 





70 Cm. 70 Cm. 20 Cm. 70 Cm. 20 Cm. 


7.3 : 6.8 7.2 6.9 7.3 


Not irradiated 9 

9 7.3 : : 4.3 4.4 4.5 
8 

6 


4 Hours in ultra-violet light 

8 Hours in ultra-violet light 

7 Days in daylight 

8 Hours in ultra-violet light: 
Appearance of the solid substance 


Toa : ; Sey oN 3.6 
6.9 : : 5.8 6.0 3.8 3.8 
Somewhat Brittle Brittle 
brittle 


Slight 


Unchanged 


Positive Positive 


Iodine precipitation 
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On the contrary, the solution prepared from the solid irradiated substance had a 
rather intense color. It is of interest to note that 6-naphthylamine contributes 
very greatly to the formation of three-dimensional molecules, for when the attempt 
is made to prepare a solution of the irradiated substance it is found that a consider- 
able quantity becomes insoluble. In this respect, therefore, 6-naphthylamine 
behaves exactly the opposite of the antioxidants. 

In the experiments summarized in Tables VIII and IX, the effects of a few other 
dyes were studied. a-Benzeneazo-6-naphthylamine and azobenzene were again 
used for comparison. These tables indicate that the action of the dye is very 
specific, for alizarin and carotin retard the autodéxidation very slightly in contrast 
to the azo dye and azobenzene. Only dyes with a quite definite absorption spec- 
trum seem to have any effect. In a later work this specific absorption curve will be 
established and will be compared with the absorption curve of the natural anti- 
oxidant. In this way wave lengths that are important in autoéxidation can be 
determined, and it may easily be possible to identify the antioxidant and to isolate 
it. In addition, the activity of dyes through the spectrum are to be studied. 

According to the foregoing experiments it is highly probable that the autoéxida- 
tion of rubber and of balata can be retarded by a substance of a specific color. 
Likewise the antioxidant occurring naturally in the basic components of the rubber- 
acetone extract is a colored substance. Its retarding action toward autodéxidation 
may be attributable to its color. 


DESCRIPTION OF THE EXPERIMENTS 


I, Solvent.—All solvents must be very carefully purified. Before using they 
must be further distilled in a current of nitrogen so that all the dissolved oxygen is 
removed. Particular care must be used in the purification of tetralin, and it must 
be kept over sodium, since it forms a peroxide.!* Before use it is distilled in a 
current of nitrogen and is driven directly into a burette from the receiver, without 
coming into contact with air. 

II, Substances Used in the Experiments—Fractions of purified rubber and of 
purified balata were used. The purified rubber was prepared according to Pum- 
merer’s method!* from rubber latex. Since this total rubber is not completely 
soluble, it was fractionated according to directions in an earlier work.'* For the 
experiment an ether-soluble fraction having a molecular weight of approximately 
80,000 was used. The product was dried to constant weight in a high vacuum, and 
was stored under these conditions. The purified balata was prepared from balata 
latex according to directions in an earlier work.!® It was a white, fibrous product, 
with a molecular weight of about 50,000. 

III, Addition to the Rubber or the Balata of the Substance to Be Tested.—In order 
to ascertain the effects of the various substances in retarding autodxidation, the 
particular substance was weighed with rubber or balata in a small bomb tube, which 
was then exhausted and filled with nitrogen. Benzene freshly distilled in nitrogen 
was led from a burette into the tube, and this was sealed in nitrogen. It was 
agitated until solution was complete, and the benzene then was filtered off by 
suction in vacuo. The solid product was dried in a high vacuum to constant 
weight. In this way it was made certain that the substance to be studied was 
equally well dispersed in the rubber and in the balata. 

IV. Preparation of the Solution for Viscosity Measurements.—The substance was 
weighed in a glass tube. During weighing care was taken to deduct the proportion 
of resin from the total weight, so that the solutions were exactly molar with respect 
to the rubber or balata. The glass tube was then exhausted and filled with nitro- 
gen. The tetralin was introduced from a burette, the liquid frozen by acetone- 
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carbon dioxide, the tube exhausted a few times more, filled with nitrogen and finally 
sealed in nitrogen. It was then agitated until solution took place, which required 
eight days or longer for many of the substances. 

V. Viscosity Measurements—Naturally measurements of every substance were 
made before treatment. Measurements were made in the Ubbelohde viscometer, 
at five to six different pressures, always at 20° C. 

In the tables only two different pressures are given (in cc. of mercury). 

VI. Irradiation in the Solid State—(1) In daylight.—The very finely cut and 
weighed substance for these experiments was exposed in an air-filled glass tube on 
the roof of the laboratory. The glass was turned from time to time. (2) In ultra- 
violet light —The weighed and very finely divided substance in an air-filled quartz 
glass was placed 20 cm. from a mercury vapor lamp. This lamp operated at a 
voltage of 145 volts, and approximately 6 amperes. The quartz glass was turned 
from time to time. If the substance is sufficiently finely divided, satisfactory, 
reproducible values can be obtained. 

VII. Method of Obtaining the Total Rubber Resin.—The substance which retards 
oxidation is found in the acetone-soluble portion. Hevea latex was coagulated 
with acetone. The coagulated rubber was then extracted with acetone in an 
apparatus for about eight days. This apparatus was so assembled that the acetone 
was distilled on the bottom of the extraction vessel; by an overflow it flowed back 
into the boiling flask, from which the pure acetone was again distilled into the 
extraction vessel. The acetone extract therefore collected in the boiling flask. 
The whole apparatus was so arranged that purified nitrogen could be continually 
passed through, and in this way autodxidation was prevented. The acetone in the 


boiling flask was changed every 24 hours. The deep brown solutions and .the 
acetone which had been used for coagulation were evaporated in vacuo to dryness. 
The acetone which had been used for coagulation was included because it did not 
seem at all impossible that part of the acetone-soluble portion was dissolved in the 
acetone during coagulation. After evaporation a deep brown, strong smelling, 
tacky resin was obtained. Calculated on the quantity of coagulated rubber, the 
proportion of resin from Hevea rubber was between 4 and 7 per cent. 


SUMMARY OF THE RESULTS 


1. A substance which prevents the autoéxidation of rubber and also of balata 
must be present in rubber latex. The object of the present work was to isolate this 
substance and to establish its constitution. 

2. A method was developed for determining by means of viscosity measure- 
ments the degree of autodxidation of rubber and of balata. In this way the pres- 
ence of the antioxidant could be proved. It was further shown that, in general, 
solutions do not autodxidize in darkness, and that in light and in solution the anti- 
oxidant is not effective. It is active only in the solid state. Daylight and ultra- 
violet radiations were used. The results with the latter are much more rapid and 
are more easily reproducible. 

3. The acetone extract of rubber was separated into different fractions, and the 
effect of these fractions in retarding oxidation was examined according to the 
methods described. It was found that the basic components in particular are very 
active. 

4. These experiments lead to the supposition that this retarding effect on auto- 
oxidation is not only the result of a chemical action, but depends primarily upon the 
deep brown color of the basic components. This color prevents the transmission 
of the radiation which promotes autodxidation. The effects of various dyes were 
studied, as a result of which it was found that some had a very marked effect, others 
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on the contrary had only a slight effect. The activity of the dyes appears to be 
quite specific, and no chemical action whatsoever of the dye can be involved, since 
the color alone is determinative. 
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Molecular Weight and Chain- 
Length of Natural and 
Synthetic Rubber 


A. J. Wildschut 


LABORATORY OF THE HOLLAND INSULATED WIRE AND CABLE Works, AMSTERDAM 


The determination of the chain-length of high molecular substances, as, e. g., 
rubber and gutta-percha, has lately been the subject of many investigations, though 
as yet the problem has not been definitely solved. The ordinary methods— 
measurements of the raising of the boiling point and of the depression of the freezing 
point—can be used only for molecular weights of some thousands, and there always 
remains a large gap between these compounds and the far greater natural ones. 

To bridge over this gap Staudinger has developed a supposition according to 
which it is possible to determine very high molecular weights by means of a viscosi- 
metric method.! This method depends on the known fact that for dilute solutions, 
in which the molecules do not hinder each other (so-called sol-solutions), the specific 
viscosity is proportional to the length of the molecule. For homologs we have: 


2 = Kn.M (1). 
where sp = specific viscosity, defined by: yp = nr — 1, 

in which 7, = relative viscosity of solution with regard to solvent, 

c = concentration in so-called base molarities per liter. 

Km = constant for each homolog series. 

M = molecular weight. 


For the K»’s for the different homolog series we have: oe = constant, in which 


n is the number of carbon atoms in the base molecule. 
With aid of the viscosimeter we find the relative viscosity, according to the 
equations: 


dut 
71 = 0 oq (2) 


and ; n= = (3) 
no 


in which 7; and 7% are the absolute viscosities of solution and solvent, d and ¢ specific 
gravities and times of flow. 
Taking (1), (2), and (3) we get: 


_ doitor — doto 
M = CK mdoto (4) 


In the case of rubber this equation can still be simplified. The concentrations at 
which the measurements are usually made are smaller than 0.3 per cent; therefore 
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we can take for the specific gravity of the solution the value of the solvent. This 
causes an error of less than 2 per cent, which is about equivalent to the deviation 
caused by the inhomogeneity of the material. 

The base molarity is 1 for a concentration of 68 g. (1 CsHs) per liter. When 7 is 
the concentration in grams per 100 cc., we have: 

c = 0.147 p. Substituting 3.0 X 10~‘ for Km, we get: 


_ ta — bh. 
alles 0.44 pto ” (5) 
by means of which the molecular weight can be calculated easily from a single 
viscosimetric measurement. 

Staudinger obtains K» for the smaller terms of a homologous series, and uses this 
value for the higher ones. This is of course a hypothesis, which is not proved, and 
which cannot be proved without an independent second method of determination of 
these high molecular weights. Though it is sure that Staudinger’s method means 
a positive step forward, it does not give a definite resolution of the problem, as 
Formula 4 gives great deviations in the case of rubber molecules. Relatively the 
determinations remain useful also for rubber. 

Kraemer and Natta? have tried to control the viscosimetric method by using 
polymeric w-hydroxydecanoic acid, CH,OH(CH:)sCOOH, which can be polymer- 
ized to molecules of increasing weight. By titration of the carboxyl group, the 
exact molecular weight can be obtained and be compared with the results of the 
viscosimetric measurements. After numerous experiments they conclude that 
Formula 4 holds up to a molecular weight of 15,000; their value for Km/n also 
corresponds to the value of Staudinger. Above 15,000 the molecular weights found 
are too high; therefore they suppose that rubber molecules do not reach the value of 
150,000 which Staudinger has obtained. 

However we must remember that Staudinger develops his formula for long, wire- 
or rod-like molecules, while polymeric w-hydroxydecanoic acid differs considerably 
from this form. It is not permitted to take for rubber hydrocarbons the same limit 
as for compounds like polymeric w-hydroxydecanoic acid. It is very likely that 
for the former the limit is higher, though the following examples prove that there 
is a limit. 

Though it is very important to know the exact molecular weight of rubber hydro- 
carbon, the relative values of the different species are still more important for prac- 
tical purposes. An investigation showed that it is not permitted to use the term 
“molecular weight of rubber’ as even for different samples of the same crepe rubber 
the values diverge considerably. 

Crude synthetic rubber cannot even be compared with crude natural rubber, as 
the molecular weight of the former is about as great as that of plasticized natural 
rubber. The molecular weight of synthetic rubber naturally depends on the 
method of polymerization; therefore a short review of the method used is given. 

Synthetic rubber is prepared from 2,3-dimethylbutadiene (so-called methyl- 
rubber). 

2,3-Dimethylbutadiene is prepared according to U. S. Patent no. 1,748,722° 
by heating anhydrous pinacone with 1-2 per cent sulfanilic acid at 140-180° C. 
57.5 per cent of dimethylbutadiene is formed, which is in harmony with the patent 
specification. 

Pinacone has been prepared from acetone and magnesium-amalgam with a yield 
of 50 per cent.‘ 

2,3-Dimethylbutadiene can be polymerized at 100° C. in 1-3 weeks to methyl- 
rubber. The yield is 50-90 per cent, depending on the time of heating. At this 
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temperature the formation of non-polymerizable cyclic compounds is but little. 
Lower products can be removed by distilling in vacuum at 100° C. 

As already mentioned, Staudinger himself has stated that in determining viscosi- 
metrically the molecular weight it is necessary to remain below a certain critical 
concentration. The constancy of Km can be controlled easily by plotting the 
calculated values for the molecular weight against the concentration. This must 
give a straight horizontal line. 

Figure 1 (see also Table I) represents some of those lines spread over molecular 
weights of 20-160,000. Neglecting the deviations caused by the inhomogeneity of 
the material, we see that the values are all situated on a straight line, which deviates 
considerably with increasing molecular weight from the horizontal position, which 
is maintained only for the lowest values. As ordinate is plotted the degree of 
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polymerization (chain-length), as otherwise methyl-rubber cannot be compared 
with natural rubber. 

The base molarity of methyl-rubber is 1 for a concentration of 82 grams per liter; 
this can be accounted for in Formula 5. 

As we can deduce from Fig. 1, Formula 5 and also Formula 4 do not hold for 
natural rubber. Though the method remains useful for distinguishing different 
species of rubber, it cannot give trustworthy values for the absolute molecular 
weight. The possibility of comparing the different rubbers is very important, as 
the molecular weights differ considerably, and as there is a connection between 
these weights and the also strongly diverging electrical properties. 

The crossing of the lines f and g is remarkable, as they represent compounds 
with the same degree of polymerization, but with a slightly altered molecule. 
Synthetic rubber has twice as many methyl-groups in the side-chain position, and 
diverges more from the pure rod-form’ than the depolymerized natural rubber. 
The latter follows Formula 5 quite well at a molecular weight of 20,000. From 
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this it follows that the test of Kraemer and Natta has lost some of its importance, 
as polymeric w-hydroxydecanoic acid diverges still more from the rod-form than 
methyl-rubber. Their limit of 15,000 is certainly too low for pure rod-shaped 
molecules. 


TaBLe [ 
Extrapolated Values 


: Degree of Mol. 
Line of Fig. 1 Polymerization Weight 


(a) 2360 160,000 
(b) \ Three samples of the same parcel of Hevea crepe 2040 139,000 
(c) 1780 121,000 
(d) Crepe, b. 10 min., plasticized 790 53,700 
(e) Methyl-rubber (19 days at 100° C.) 444 36,400 
(f) Methyl-rubber (6 days at 100° C.) 260 21,300 
(g) Milled and heated crepe 300 20,400 


With the double intention of obtaining the limit of Formula 5 as well as to control 
the process of plasticization, measurements have been made on the same sample of 
crepe 6 during the milling. The results are plotted in Fig. 2 (with the line g for 
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comparison), while in Fig. 3 the extrapolated values are plotted against the time of 
plasticization. (See also Table II.) In Fig. 2 we see plainly how the lines become 
more nearly horizontal with decreasing molecular weight. 

Heating causes a much stronger depolymerization than normal milling; in the 
former case we arrive at a region where the specific viscosity is accurately propor- 
tional to the concentration. 
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The considerable decrease in molecular weight during the first minutes of the 
process of plasticization is shown more clearly by Fig. 3. After 5 minutes the 
molecular weight has already fallen to one-half of its original value, while even in 
the case of milling during a long time a certain limit will not be passed. 
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Of course there will be a connection between the viscosimetric values and the 
results of measurements with a plastometer, as these methods are fundamentally 
identical. The latter gives results which are more important for practice; only the 


TABLE IT 
MOo.ecuLaR WEIGHTS OF MILLED CREPE (5) 


Extrapolated 
Time of Milling Molecular Weight 
0 139,000 
5 77,500 
10 53,700 
15 48,000 
20 45,200 
30 42,700 
60 38,000 


plastometer cannot be used for unmilled crepe, which is not the case with the vis- 
cosimeter. With aid of the latter a selection is possible before plasticization. 
The investigations will be continued with a comparison of plastometer and vis- 
cosimeter and also of the molecular weights of rubbers of different origin. 
Summary: The molecular weights of natural and synthetic rubber have been 
measured according to Staudinger’s viscosimetric method on dilute solutions in 
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benzene. Staudinger’s formula gives good results for synthetic rubber and for 
plasticized natural rubber; for crude rubber the results have only a relative value. 
The chain-length of synthetic (methyl) rubber is about the same as in the case of 
plasticized natural rubber. The molecular weights of rubbers of different origin 
diverge rather greatly, which also explains their different behavior during the 
process of plasticization. 
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Synthetic Rubber 


G. S. Wurrsy anp M. Katz 
National Research Council of Canada, Ottawa, Canada 


In the early period isoprene was recognized as the 
mother substance of caoutchouc, and its ability to 
undergo polymerization to a rubber-like product was 
demonstrated. During the pre-war period serious 
efforts were begun to devise processes for the syn- 
thesis of rubber which would be commercially feasible. 
Attention was concentrated on the preparation of 
the necessary monomeric dienes from cheap raw 
materials available in substantially unlimited quan- 
tity. The rubber-like polymers prepared were mark- 
edly inferior to natural rubber. During the war the 
actual manufacture of synthetic rubber from di- 
methylbutadiene and its utilization in the production 
of certain lines of rubber goods was, owing to the 
exigencies of the time, undertaken in Germany. 

After a lull, synthetic rubber in 1925 again be- 
came an active subject for research. In so far as 
butadiene and its homologs are concerned, atten- 
tion during this post-war period has been concen- 
trated on methods of polymerizing the dienes rather 
than on methods of preparing them, and marked 
progress has been made. Recently a novel form of 
synthetic rubber has been prepared by polymerizing 
2-chlorobutadiene. Chloroprene rubber resembles 
vulcanized natural rubber in elastic properties more 
closely than any previous synthetic rubber prepara- 
tion and, moreover, has advantages over natural rub- 
ber in certain respects. Experiments on the swell- 
ing of chloroprene rubber and its tensile properties 
are reported. 


HE history of synthetic rubber can be conveniently 
treated under four heads: the early period, pre-war 
efforts to develop commercially applicable methods of 
making synthetic rubber, the actual manufacture of synthetic 
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rubber in Germany during the World War, and post-war 
developments. Following the war there was a lull in the 
field of synthetic rubber research. The rise in the price of 
natural rubber which took place in the latter half of 1925, 
however, served as a stimulus to renewed research. About 
this time a number of the larger rubber and automobile 
manufacturing companies in the United States engaged in 
programs of research on synthetic rubber, but, since the 
price of natural rubber dropped in 1926 and remained low, 
most or all of these companies abandoned this field of research, 
and only a few patents or other publications have issued as 
a result of these efforts. Two chemical manufacturing com- 
panies have, however, been more persistent in their efforts. 
The I. G. Farbenindustrie has been very active, and since 
1929 a rapid stream of patents on synthetic rubber bearing 
its name has come forth. The post-war researches of the 
I. G.’s chemists, while not on lines fundamentally different 
from certain of the investigations pursued prior to the war, 
have developed substantial improvements in the production 
of synthetic rubber, especially in regard to the conduct of the 
polymerization process. The other company (du Pont) has 
approached the problem of producing synthetic rubber on 
distinctly novel lines, and its results, publications on which 
first appeared only about eighteen months ago, have an 
arresting character which has reawakened general interest 
in the subject of synthetic rubber. Starting with a study of 
polymers of acetylene, first prepared by J. A. Nieuwland, a 
group of du Pont chemists headed by W. H. Carothers 
discovered that 2-chlorobutadiene, obtained by the addition 
of hydrogen chloride to vinylacetylene, readily gives polymers, 
which, as good luck has it, are strikingly similar in elastic 
properties and, in certain respects, even superior to natural 
rubber. 


THE EARLY PERIOD 


Rubber was introduced to industry at a time (in the early 
part of the nineteenth century) when destructive distillation 
was one of the methods to which chemists most frequently 
had recourse in their efforts to elucidate the chemical nature 
of natural organic materials. Rubber on destructive dis- 
tillation gave an oil to the examination of which many 
chemists contributed. Dumas (37) made an _ ultimate 
analysis of it; Liebig (131) examined the most volatile frac- 
tion of the oil and observed that it was convertible (polymeriz- 
able) by means of concentrated sulfuric acid to an oil boiling 
at 220° C.; Dalton ($2), too, examined the fractions, and 
other workers who studied it in the eighteen thirties were 
Gregory (47, 48), Himly (60), and A. Bouchardat (17). 
Finally in 1860, Greville Williams (180), in the course of a 
definitive examination of some of the distillation products, 
isolated in a substantially pure form a low-boiling material, 
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O;Hs (boiling point 37° to 38° C.; d?°, 0.6823), and gave it 
the name “isoprene.” 

Isoprene forms only a small proportion of the oily distillate 
obtained from rubber by dry distillation, and the credit for 
recognizing—by what Harries (51) justly calls a “‘bold idea” — 
this compound as the mother substance of rubber belongs to 
G. Bouchardat (18). This chemist for the first time showed 
that it was possible to convert isoprene to a rubber-like solid. 
This conversion he brought about by heating isoprene (1 part) 
with fuming hydrochloric acid (12 to 15 parts). After adding 
water, distilling (to remove the mono- and dihydrochlorides 
of isoprene, etc.), and washing with boiling water, Bouchardat 
obtained a product which, he states, was elastic and possessed 
the characteristics of rubber. It was insoluble in alcohol, 
swelled in ether, and dissolved like rubber in carbon disulfide. 
It contained, however, a small proportion of chlorine (1.7 
per cent). The product amounted to one-sixth of the iso- 
prene used. When subjected to pyrolytic distillation, it 
behaved similarly to natural rubber; Bouchardat isolated 
from the distillate a hydrocarbon, CicHis, which yielded a 
dihydrochloride melting at 146° C. 


The possible industrial significance of the polymerizability 
of isoprene was clearly noted for the first time by Tilden (160), 
who wrote, “It is this character of isoprene which gives it a 
somewhat practical interest, for if it were possible to obtain 
this hydrocarbon from some other and more accessible source 
[than rubber] the synthetical production of India rubber 
could be accomplished.” The isoprene from which Bou- 
chardat had prepared the first sample .of artificial rubber 
was itself obtained from natural rubber by dry distillation. 
Tilden went on to show that isoprene could be obtained, 
albeit in small yield, by the pyrolysis of turpentine (162). 
Of isoprene thus obtained he says, ‘‘By the action of con- 
centrated hydrochloric acid it yields a tough substance 
resembling caoutchouc.” He also found that nitrosyl- 
chloride was capable of bringing about the conversion. 
Wallach (166) in 1887 observed that, when exposed to light 
for a long time and then treated with alcohol, isoprene 
(obtained from rubber) gave a precipitate consisting of an 
elastic rubber-like mass which hardened more or less on 
exposure to the air. In 1892 Tilden (161) reported that he 
had found isoprene to undergo spontaneous polymerization 
to caoutchouc. He stated that samples of isoprene, pre- 
pared from turpentine, which had been stored in bottles 
for several years, had given rise to solid masses of rubber. 
“The artificial rubber,” he wrote, “like natural rubber, 
appears to consist of two substances, one of which is more 
soluble in carbon disulfide or benzene than the other. A 
solution of the artificial rubber in benzene leaves on evapo- 
ration a residue which agrees in all characteristics with a 
similar preparation from Para rubber. The artificial rubber 
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unites with sulfur in the same way as ordinary rubber, form- 
ing a tough elastic compound.” 

Several subsequent writers have cast doubtupon the claim 
that synthetic rubber was first made by G. Bouchardat and 
Tilden. F. Hofmann has claimed that prior to the work of 
himself and Coutelle in 1909 no one had ever made syn- 
thetically “the tough, elastic, nervous caoutchouc colloid.” 
The contention does not seem to the writers to be valid. 
If the ground is taken that the synthesis of rubber has been 
achieved only when there has been made a product strictly 
identical with natural rubber in every particular respect, iden- 
tical not only chemically but also in the degree of polymeriza- 
tion as indicated by the colloidal and elastic properties before 
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and after vulcanization—then, it must be declared that such 
synthesis has even yet to be accomplished; but, on the 
more reasonable ground that the production from isoprene 
of an elastic, vulcanizable product generally similar to 
natural caoutchouc constitutes a synthesis of caoutchouc, 
then the honor of having first made the synthesis must go 
to G. Bouchardat and Tilden. Tilden’s observations on 
the spontaneous convertibility of isoprene to caoutchouc 
were confirmed by Weber (167) in 1894 and by Pickles (149) 
in 1910. 

Meanwhile the ability of certain homologs of isoprene to 
undergo polymerization to rubber-like products was observed. 
In 1900 Kondakoff (125) reported that 2,3-dimethylbutadiene 
when heated with alcoholic potash gave, together with other 
polymeric products, a “leather-like, elastic mass” reminiscent 
in its properties of rubber or polystyrene. This product, as 
Harries (63) has fairly emphasized, was soluble in alcohol 
and hence perhaps hardly deserving of recognition as a syn- 
thetic rubber. In 1901, however, Kondakoff (126) reported 
that dimethylbutadiene, which had been left in sealed tubes 
in diffused light for one year, had undergone practically 
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complete spontaneous polymerization to a _rubber-like 
product. Harries, in the overweening anxiety which he 
had to dispute the claims to priority of other workers in the 
field of synthetic rubber, endeavored in 1913 (63) to suggest 
that this product was not in fact a synthetic rubber, yet at 
this very time Bayer & Company, with which Harries was 
associated, appears to have been actively working on the 
commercial production of the material (45) and during the 
war manufactured large amounts of it to supply the German 
need for rubber. The product, now well known, is fully 
accepted as a synthetic rubber, and hence the credit for 
having first obtained a synthetic rubber from 2,3-dimethyl- 
butadiene must be given to Kondakoff. 

The isomer of isoprene—viz., piperylene or 1-methyl- 
butadiene (CH;CH:CHCH:CH:)—was in 1901 observed by 
Thiele (159) to yield a small amount of a rubber like sub- 
stance when left for months in the dark. Later it was 
found that long heating with or without catalysts accele- 
rates the conversion of piperylene to a rubber (11). For 
example, heating for 14 days at 105° to 110° C. in a sealed 
tube is stated to give a good rubber (64). No detailed study 
of the quality of synthetic rubber from piperylene has, how- 
ever, been published; it has never appeared that the material 
has commercial possibilities and little attention has been 
paid to it. 

The lower homolog of isoprene and piperylene—viz., 
butadiene—has, however, figured largely in the efforts to 
produce a commercial synthetic rubber. Although known 
since 1863 (29), butadiene, presumably because it is a gas 
at ordinary temperature, was not discovered to undergo 
polymerization to a rubber until 1910. In that year Lebe- 
deff (128) reported that, on heating, it yielded a rubber-like 
polymer. In the following year Harries (61) published a 
similar observation and claimed priority. 


The number of homologs of butadiene which are capable 
of yielding polymers with elastic properties approximating 
those of natural rubber, or even with any elastic properties 
at all, appears to be strictly limited. In a recent investiga- 
tion by Whitby and Gallay (175) on the polymerizability 
by heat and by catalysts of di-, tri-, and tetramethylbuta- 
dienes, it was found that, the greater the amount of substi- 
tution in the butadienoid system, the less readily does 
polymerization occur, and, further, that the position of the 
substituents influences the ease of polymerization, the pres- 
ence of unsubstituted terminal hydrogen atoms being favor- 
able to polymerization. Under the conditions of the experi- 
ments (heating for 30 days at 100° C. and for 15 days at 
150°) only 2,3- and 1,3-dimethylbutadiene gave a product 
which was definitely rubber-like; 1,2-dimethylbutadiene 
gave a gelatinous product, although Fisher and Chittenden 
(41) under other conditions have obtained a soft, rubber 
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polymer from it. Substituted butadienes containing more 
than two methyl groups gave at best low, oily polymers 
without rubber-like character. 

So far, then, as present knowledge goes the only dienoid 
hydrocarbons capable of yielding rubber-like polymers are 
butadiene, isoprene, piperylene, and certain of the dimethyl- 
butadienes. Serious efforts to produce a practical, com- 
mercial synthetic rubber from dienoid hydrocarbons have 
in fact been limited to work on butadiene (CH2:CHCH:CH2), 
isoprene (CH::CMeCH:CH:), and 2,3-dimethylbutadiene 
(CH2:CMeCMe:CH)). 


PRE-WAR PERIOD 


The commercial development of the automobile in the 
closing years of the first decade of this century led to a 
demand for raw rubber for the manufacture of tires, which 
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the supplies of wild rubber were unable to meet. This led 
to a rise in the price of rubber (a figure-of $3.00 a pound was 
touched in 1910) which caused the boom of 1910 in rubber 
planting. It also caused a serious attack on the problem 
of synthesizing rubber. 

The work on synthetic rubber prior to the war was con- 
cerned largely with the development of methods which might 
be commercially feasible for making the dienes—butadiene, 
isoprene, and dimethylbutadiene. Since the war, attention 
has been largely directed to the development of methods 
of polymerizing these dienes, as it became apparent that here 
lay the crux of the matter. It would be untrue to say that 
the problem of polymerizing the dienes to products approxi- 
mating as closely as possible natural rubber was by any 
means neglected during the pre-war period, but, speaking 
broadly, previous to the war the emphasis in synthetic rubber 
research was on the preparation of the dienes, whereas subse- 
quent to the war it has been on their polymerization. 
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PREPARATION OF THE DIENES 


Although certain patents deal with the production of 
isoprene by the cracking of turpentine, it was early realized 
that a commercially successful process would have to start 
from cheaper and more abundant raw materials. Hence 
processes were developed in which the raw materials were 
calcium carbide, coal tar, starch, petroleum, and hydrocarbon 
gases. 

The pre-war work in Germany was carried out by Bayer & 
Company and the Badische Anilin und Soda Fabrik, the 
chief workers being F. Hofmann, Coutelle, Gottlob, Hol€, 
and Steimmig. Harries, of the University of Kiel, was 
prominently associated with the work. 

Two processes in which a coal-tar fraction serves as the 
initial material were developed. The first, due to Hofmann 
and Coutelle, is decidedly cumbersome (7). p-Cresol is 
converted by catalytic hydrogenation to methyleyclohexanol; 
the latter is oxidized to 8-methyladipic acid, which is then 
converted to the diamide from which methyltetramethylene- 
diamine is secured. From this, isoprene is obtained by 
exhaustive methylation. In the other process, patented by 
Schmidt and the Badische Company (155), benzene or phenol 
is hydrogenated to cyclohexane or cyclohexanol, respectively. 
These are then converted to tetrahydrobenzene, the former 
by chlorination followed by the removal of hydrogen chloride 
(by soda-lime), the latter by passing over alumina at 230° C. 
The tetrahydrobenzene thus obtained yields butadiene when 
cracked in a quartz tube at 500°. 

Other patents contemplate the use of suitable petroleum 
fractions as raw materials. One patent (4) proposes to 
obtain isoprene from the pentane fraction by systematic 
chlorination, isomerization, and addition and removal of 
hydrogen chloride; another patent (10) proposes to obtain 
butadiene by cracking a low-boiling fraction from Caucasian 
petroleum. 

Considerable attention was given to the homolog of iso- 
prene (2,3-dimethylbutadiene), and patents were taken out 
+ for its preparation from acetone by reduction of the latter to 
pinacone with aluminum amalgam, followed by elimination 
of water. As mentioned later, this process was actually 
operated during the war. 

In England a serious attack on the problem of developing 
a commercially applicable method of making synthetic rubber 
was undertaken at about the same time as in Germany (1909).. 
This had been preceded by the work which Heinemann had 
carried out in that country, but his patents have never 
carried much weight, and many of them are clearly fantastic. 
Harries (66) states that he found one of the processes of 
Heinemann (69) with which he experimented (the production 
of isoprene by the simultaneous passage of acetylene, ethylene, 
and methylchloride through a hot tube) to be inoperative. 
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The English group which from 1909 until the war was 
engaged on the problem of synthetic rubber production 
included as prominent members Matthews, Strange, and 
Perkin. Three main processes as follows were developed for 
the production of the necessary dienes: (1) Amyl alcohol 
obtained from fusel oil and consisting of a mixture of the iso- 
and active alcohols was treated in alcoholic solution with 
hydrogen chloride, and the chloride secured by fractionation 
was converted by chlorination (148) into a mixture of di- 
chloropentanes. The latter when passed over soda-lime at 
470° C. gave isoprene in 40 per cent yield. (2) From butyl 
alcohol by an analogous procedure there was similarly 
obtained a mixture of dichlorobutanes, which by passage 
over soda-lime gave butadiene (147). (3) Aldol, prepared 
from acetaldehyde, was reduced to the corresponding butylene 
glycol, CHs-CH(OH)-CH2-CH.(OH). ‘The latter was con- 
verted to butadiene by chlorination (by hydrogen chloride), 
followed by removal of two molecules of hydrogen chloride 
by means of hot soda-lime (147) or alternatively by catalytic 
dehydration (136). 

As soon as the first of these processes (the one in which 
amyl alcohol is the initial material) had been developed, it 
was realized that, in order to make it commercially feasible, 
a source of amyl alcohol other than fusel oil, which was 
available only in limited amount and at a high price, was to 
be desired. In conjunction with Fernbach of the Institut 
Pasteur, studies were undertaken on the production of amyl 
alcohol by the fermentation of starch, and a process was 
developed by which higher alcohols (together with acetone) 
were obtained zymologically from starch (40). The fusel oil 
obtained by the process contained a large if not a prepon- 
derant amount of buty] alcohol. 

Although the processes outlined above, which were de- ~ 
veloped in England prior to the war for the production of 
synthetic rubber, have never established themselves com- 
mercially, the Fernbach fermentation process which was 
developed along with them has proved to be of great im- 
portance, and may be said to represent a by-product of the 
program of work on synthetic rubber which has more than 
justified the latter. During the war the Fernbach process 
was operated, on the initiative of and under the direction of 
Weizmann, for the acetone which it yielded. Since the war 
it has been operated on a large scale, chiefly in the United 
States, primarily for the butyl alcohol, of which it yields 
twice as much as of acetone (168). During the war the 
butyl alcohol produced along with the acetone was the 
merest by-product; after the war it became, as the source 
of butyl acetate, one of the foundations of the modern lacquer 
industry. 

A considerable volume of work on synthetic rubber was 
carried out in Russia prior to the war, particularly by Ostro- 
mislenski and Lebedeff. The former published a book on 
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his researches (143). He described a number of procedures 
for the preparation of isoprene by the removal of the elements 
of hydrogen chloride from the chloroisoamylenes and from 
1,3-dichloropentane (146), but, in so far as the preparation 
of conjugated dienes is concerned, his attention seems to 
have been directed chiefly to butadiene (erythrene) (144). 
He investigated many cracking processes for the preparation 
of butadiene and concluded that at a high temperature all 
open-chain olefins and saturated cyclic hydrocarbons can 
be cracked to form butadiene and a saturated hydrocarbon. 
He also prepared butadiene by the catalytic removal of water 
and an acid from esters of a,y-glycols, of hydrogen chloride 
and water from chloroethers, of alcohol and water from 
acetals, etc. 

Of greatest practical promise among the methods of pre- 
paring butadiene which Ostromislenski described is perhaps 
the condensation of alcohol and acetaldehyde by means of 
heat and catalysts such as kaolin. The reaction may be 
summarized by the following equation: 

CH;CH,OH + —— —-»> CH::CHCH:CH;, + 2H,0 
The assumed mechanism is 


—H:0_. oy.cu = cucu.on 2... cu,cu:c:cn, 


(methyl allene) —20merization__ on,:CHCH:CH; 





As the acetaldehyde can itself be obtained from ethy] alcohol, 
and the latter from ethylene, this process can be regarded as 
offering a synthesis of butadiene rubber from oil or paraffin 
gases. 

POLYMERIZATION BY HEAT 


As already stated, it was observed during the early period 
that isoprene and dimethylbutadiene undergo spontaneous 
polymerization to rubber-like products when kept for a 
long period at room temperature. From this it was only a 
short step to the discovery that the polymerization of the 
dienes could be brought about more quickly by the applica- 
tion of heat. The polymerization of isoprene by heat was 
patented by Hofmann and Coutelle in 1909 (12). Harries 
examined the product obtained by the heat polymerization 
of isoprene and in 1910 (67) reported it to be similar in 
chemical and physical properties to natural rubber. Some- 
what later in the same year Lebedeff (127) published the 
results of an investigation on the heat polymerization of 
conjugated dienes in which he stated that both butadiene 
and dimethylbutadiene gave rubber-like products in addition 
to various oily dimers. Subsequently he measured the 
amount of polymerization produced by heating various 
diolefins at 150° C. (129). 

Although hailed at the time by Harries and others as a 
great step ahead, heat polymerization of the pure dienes is 
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attended by serious limitations, as is shown by the experi- 
ments of Lebedeff just mentioned and more fully by recent 
investigations of Whitby and Crozier (174). The chief 
limitations are that at elevated temperatures: (1) The dienes 
yield oily, dimeric by-products as well as rubber, and the 
proportion of the former is the greater the higher the tem- 
perature—i. e., the more rapid the polymerization; (2) the 
degree of polymerization of the rubber is not high, and the 
molecular weight of the product is lower the higher the 
temperature applied. These general statements may be 
illustrated by Table I from Whitby and Crozier’s paper. 
Isoprene at elevated temperatures has a much greater 
tendency than dimethylbutadiene to form oily, dimeric by- 
products instead of rubber. At 145° C. the oil formed is 
more than three times the rubber. Yet some of the early 
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patents (8) on the heat polymerization of isoprene specify 
temperatures as high as 200° C.! 

As in the case of other heat polymerization reactions the 
progress of which has been studied—e. g., indene (178)—as 
polymerization by heat progresses at a given temperature, 
the state of polymerization (shown in the present case by 
the data for the molecular weight of the rubber and the 
relative viscosity of its solutions) rises; further, the higher 
the temperature applied, the lower is the state of polymeriza- 
tion attainable in the ultimate product. As indicating that 
the rubber obtained by heat polymerization is in a lower 
state of polymerization than natural rubber, the sample of 
isoprene rubber of highest molecular weight listed in Table I 
gave sols in benzene not more than one-fifth as viscous as 
sols from natural rubber. 

While isoprene polymerizes at elevated temperatures more 
quickly than dimethylbutadiene, as the data in Table I 
show, it polymerizes much more slowly at ordinary tempera- 
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ture. It has already been mentioned that dimethylbutadiene 
was observed by Kondakoff (126) to undergo complete spon- 
taneous polymerization to rubber in one year. A sample of 
isoprene kept for 4.5 years was found by Whitby and Crozier 
(174) to contain only 16.6 per cent rubber and 1.0 per cent 
oily dimer. 
Taste I. Heat PoLyMERIZATION OF ISOPRENE AND 
DIMETHYLBUTADIENE 


IsoPpRENE -——DIMETHYLBUTADIBNE—— 
Mol. Relative Mol. Relative 
Oil Rubber wt. viscosity? Oil Rubber wt. viscosity 
% % % % 
AT 85° C; 
9.07 17.05 4589 4.62 
7.9 16.25 ae a 


35.3 5715 8.20 
AT 145° C. 


5.25 38.2 10.03 3291 3.14 = a0 oe 
12.5 54.7 15.56 3936 4.69 11.1 15.6 2.3 


® Relative viscosity at 30.1° C. of a sol containing approximately 0.68 
gram per 20 cc. of benzene. 


Figure 1. Metuyt RusBBER 


Typical white ‘‘cauliflower’’ masses obtained by the polymerization 
of dimethyl butadiene at room temperature. 


OTHER POLYMERIZATION METHODS 


Hydrochloric acid was used by Bouchardat for the poly- 
merization of isoprene as mentioned above. It forms, how- 
ever, only a small proportion of rubber, the main product 
being isoprene hydrochlorides (18). Harries used acetic 
acid in conjunction with heat, the hydrocarbon being heated 
with acetic acid to 100° C. for 8 days (62). 

Matthews and Harries independently and practically 
simultaneously discovered that metallic sodium was capable 
of greatly accelerating the polymerization of isoprene. 
Matthews applied for a British patent on October 25, 1910 
(188), while Harries communicated his discovery to Bayer & 
Company and advised them to apply for a patent on October 
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28, 1910. Polymerization of isoprene to rubber may be 
effected, for example, by heating for several days at 60° C. 
with 3 per cent of sodium wire (68) or by treating the diene 
with only 0.5 per cent of sodium wire and then allowing the 
mixture to stand in a sealed container for 1 to 2 weeks. 
The process may be accelerated by bringing only the vapor 
phase in contact with the alkali metal (14). A modification 
of the sodium polymerization process introduced by Holt 
and the Badische Anilin und Soda Fabrik in 1913 (6) consists 
in using sodium in an atmosphere of carbon dioxide. The 
resulting material is noticeably different from that produced 
by sodium in the presence of air, in that it is insoluble in all 
solvents and does not swell in benzene. According to Holt 
(62) sodium-isoprene rubber is not elastic and is hard to 
vulcanize, whereas sodium-carbon dioxide-isoprene rubber 
is elastic and can be vulcanized. As mentioned later, a cer- 
tain amount of rubber was made by sodium-carbon dioxide 
polymerization during the war. 

The use of various catalysts in the heat polymerization of 
dienes was introduced and appears in some cases not only to 
have accelerated the process but also to have improved the 
product. Heating in the presence of small quantities of 
peroxides (hydrogen peroxide, benzoyl peroxide, etc.), 
ozonides, etc., was claimed to give products of improved 
quality (63). Other patents related to the use of organo- 
metallic compounds (3), colloidal metals (13), and ferments 
(49) as polymerization catalysts. Several patents were taken 
out as a result of the work of Kyriakides and Earle in the 
United States. One of these refers to polymerization by 
saturating the hydrocarbon with ammonia gas at 0° C. 
and then heating at 105° for 100 hours, the yield of rubber 
being 30 per cent (38). 


Quauity oF SyNTHETIC RUBBER 


When the quality of the samples of synthetic rubber pre- 
pared in Germany prior to the war was examined by subjecting 
them to the usual manufacturing operations of making 
solutions, milling, and vulcanizing, it was found, in com- 
parison with natural rubber, to be disappointing (45), Not 
a few of the samples failed to dissolve in rubber solvents; 
many did not mill well, and the milled material was usually 
lacking in tack. When mixed with sulfur and then vulcan- 
ized, samples of butadiene and isoprene rubber obtained by 
heat polymerization or by sodium, while extensible, had very 
little strength. 

Most attention was apparently given to products from 
dimethylbutadiene. They were not only studied in the 
laboratory but were also tested in several rubber works as 
to their suitability for the manufacture of a number of rubber 
articles, including tires. The heat polymer of dimethyl- 
butadiene, which in its unvulcanized state appeared (as the 
present writers can confirm) so beautifully clear, colorless, 
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and elastic, gave, when vulcanized with sulfur, dead, soft, 
leathery products which when stretched showed little strength 
and much permanent set. The product obtained from di- 
methylbutadiene by sodium was still poorer after vulcaniza- 
tion, and that obtained by cold polymerization was not, 
according to Gottlob, much better. Analysis showed that 
very little sulfur (only a few tenths of a per cent) had entered 
into combination during vulcanization. 

Further, both in the unvulcanized and vulcanized condition 
the materials soon deteriorated, owing to oxidation. Experi- 
ments by Hofmann, Delbriick, and Meisenburg led to the 
discovery that the addition of organic bases and of phenols 
was of value in overcoming the tendency of the unvulcanized 
materials to undergo oxidation. Among these bases was 
piperidine. It was found that piperidine not only had a 
marked effect in preventing oxidation but also led to the com- 
bination of a very much increased proportion of sulfur during 
vulcanization. And, with its aid, although soft vulcanized 
products of satisfactory elasticity were not obtained, hard 
rubber was produced almost as good as that made from 
natural rubber. 


DISCOVERY OF ORGANIC ACCELERATORS 


Organic accelerators of vulcanization, a class of materials 


which is now universally used in rubber manufacture and 
which has contributed greatly to the advance of rubber 
manufacturing technic and to the improvement in the quality 
of rubber goods, were first discovered in the United States 
by following a line of experiment unconnected with synthetic 
rubber; no publication of the discovery was made at the 
time even in the patent literature, and their use was kept 
secret (142). They were discovered independently and 
patented in Germany. It is of interest that the latter dis- 
covery followed directly out of work on synthetic rubber. 
The use of piperidine, originally applied to synthetic rubber 
as an antioxidant and later found to be an accelerator of 
vulcanization, was followed by the use of the compound 
prepared by the action of piperidine on carbon disulfide— 
viz., piperidinium pentamethylenedithiocarbamate. This 
latter, which is a solid, was used instead of piperidine, which 
is a volatile liquid, for no better reason than that it was 
more convenient than the latter. If the dithiocarbamate 
is used with natural rubber in a simple rubber-sulfur mixture, 
it is in fact little or no more efficient as an accelerator than 
piperidine (179). If, however, it is used in the presence of 
zinc oxide, it is, as is now well known, far stronger than 
piperidine, causing vulcanization to occur at least twenty- 
five times as quickly as does piperidine (170). 

Since zine oxide is such a common component of technical 
rubber mixtures, it was inevitable that this fact should 
sooner or later be found out. And with its discovery the 
whole field of ultra-accelerators was opened up. Accelerators 
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of this class, representing the most active accelerators of 
vulcanization known, all contain the grouping -CS-SX 
found in piperidinium pentamethylenedithiocarbamate, or a 
related grouping. 


WAR-TIME EXPERIENCE 


During the war the manufacture of synthetic rubber on a 
large scale was, owing to the exigencies of the time, under- 
taken in Germany. The polymerizant chosen was 2,3-di- 
methylbutadiene; and as this is a methyl homolog of isoprene 
(the polymerizant of natural rubber), the rubber produced 
was designated ‘‘methyl rubber.’”’ Hofmann has since 
stated (61) that they knew of synthetic rubbers better than 
methyl rubber but were not able to make them during the 
emergency, as the necessary high-pressure equipment could 
not be secured. However, it appears to be a fact that prior 
to the beginning of the war, methyl rubber was regarded as 
more hopeful from a practical point of view than rubber 
from butadiene or isoprene; Gottlob (45) states that, while 
only small quantities of the latter were made the subject 
of vulcanization tests, thousands of kilograms of methyl 
rubber were used in laboratory and plant trials. 

In the early days of the war no steps were taken to manu- 
facture synthetic rubber in Germany, as the pre-war plant 
trials with the material had made rubber manufacturers 
clearly aware of its great inferiority to natural rubber and 
as it was hoped that Germany could rely on smuggling for 
its raw rubber supply (61). Some twelve months later the 
desirability of undertaking the manufacture had made itself 
felt. Prior to the war there had been worked out by Boet- 
tinger a process for the manufacture of the acetone necessary 
as the initial material for methyl rubber by the fermentation 
of potatoes with Bacillus macerans, an organism which 
yielded as products one-third acetone and two-thirds alcohol. 
As, however, potatoes were required for food, the war-time 
manufacture of acetone was carried out from calcium carbide, 
a plant for carbide manufacture for this purpose being built 
in Bavaria in the middle of the war. A plant for the conver- 
sion of acetone to dimethylbutadiene, through pinacone, 
was erected by Bayer & Company at Leverkusen at about 
the same time. Towards the close of the war 150 tons of 
synthetic rubber were being made monthly by this process. 
In all, about 2350 tons of methyl rubber were manufactured 
at Leverkusen during the war, and at the close of the war 
there were in course of erection two additional plants for its 
manufacture with a joint capacity of 8000 tons a year. 
The manufacture was not continued after the war; the cost 
of production was somewhat more than 30 marks a kilogram. 
The plant was, in Hofmann’s phrase, ‘‘a hothouse plant” (61). 

Two method of polymerizing dimethylbutadiene were 
employed: (1) Cold polymerization was accomplished by 
allowing the diene to stand at room temperature in tin drums 
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one-third full for, say, 3 to 4 months, preferably in the 
presence of a small proportion of cold polymer as seed; the 
product was designated as H (hart) rubber. (2) Heat 
polymerization was carried out by heating the diene in iron 
drums at 70° C. The product was designated as W (weich) 
rubber. 

Gottlob (45, 46), who for eight years, starting in 1911, 
was engaged with Bayer & Company in research on synthetic 
rubber at Elberfeld, has given an interesting account of 
experiences with synthetic rubber prior to and during the 
war. From his material most of the facts in the following 
paragraphs are taken. 


ARTICLES FROM SYNTHETIC RUBBER 


The first practical success in the utilization of the synthetic 
products was in the manufacture of hard rubber from methyl 
rubber H, mostly in the form of boxes for accumulators, but 
also as battery separators, antennas, and disks for magnetos. 
By the spring of 1918 the amount of methyl rubber H used 
for the manufacture of accumulator boxes had risen to over 
30 tons a month. The methyl rubber before being supplied 
to the manufacturers was mixed with a small proportion of 
aldehyde ammonia and piperidinium pentamethylenedithio- 
carbamate, which served to preserve it to a considerable 
extent against oxidation and also acted as accelerators of 
vulcanization. The dryness and low plasticity of the rubber 


Figure 2. Moitp anp ACCESSORIES FOR MoLpED- 
Rine Test Pieces 


presented difficulties, which however were apparently suffi- 
ciently overcome by appropriate compounding. 

Later a certain measure of success was achieved in the 
manufacture of soft rubber articles from methyl rubber. 
Since H rubber was insoluble in rubber solvents, while W 
rubber was soluble, only the latter came into consideration 
for the manufacture of certain goods. With methyl rubber 
W, high-pressure packing and other rubber-asbestos goods 
were made successfully, as was rubberized balloon fabric. 
Insulation for submarine cables and for ordinary insulated 
wire was made with mark W. Mark H, on account of its 
low plasticity and poor adhesive qualities, was less satis- 
factory for such goods, although apparently, provided good 
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reclaims and bitumen or factice were available, it was usable 
for insulated wire. Better than either W or H for wire was 
mark B. The latter grade of methyl rubber was made at 
Ludwigshafen by the Badische Anilin und Soda Fabrik by 
the polymerization of dimethylbutadiene by means of 
metallic sodium in an atmosphere of carbon dioxide. Al- 
though mark B did not give stronger vulcanized products 
than mark H, it had an advantage over the latter in being 
more readily worked on the mill and giving a smooth product 
better adapted to extrusion than the milled product from 
mark H. 

For use in the manufacture of tires it was found essential 
to add to methyl rubber oily substances known as elasticators. 
These were essentially swelling agents of relatively low vola- 
tility. They increased the plasticity on milling and espe- 
cially the elasticity of the vulcanized product and its ability 
to withstand low temperatures without hardening. Although 
a variety of oils, including mineral and fatty oiis, would act 
as elasticators, those actually employed—viz., dimethyl- 
aniline and toluidine—were bases which also served to protect 
the rubber to a considerable extent against oxidation. The 
stock used for the production of solid tires consisted of about 
60 per cent methyl rubber H, the necessary sulfur, about 
6 per cent of elasticator, and mineral compounding ingredients 
such as zinc oxide and lithopone. 

Despite the presence of elasticator the vulcanized products 
were hard and inelastic at ordinary outside temperatures, 
and instructions were issued to the effect that trucks fitted 
with solid tires made from synthetic rubber were to be jacked 
up when left to stand at winter temperatures. It was found 
that the wear on synthetic tires was different in character 
from that of tires made from natural rubber. Hardly any 
wear of the usual type took place, but sooner or later pieces 
were ripped out or broken off. In some cases, however, a 
life of several thousand kilometers was secured. By the 
spring of 1918 methyl rubber H was being used for tires to 
the extent of 10 tons a month, and later this consumption 
was exceeded. Inner tubes were less successful; in excep- 
tional cases a life of 2000 kilometers was secured, but as a 
rule the life was only a few hundred kilometers. 


ANTIOXIDANTS 


Reference was made earlier to the fact that the use of 
accelerating bases with synthetic rubber played an important 
part in the development of modern vulcanization accelerators. 
It is perhaps worth noting, by way of contrast, that, although 
various additions were made to synthetic rubber with the 
object of overcoming its proneness to oxidation, the modern 
development of antioxidants for natural rubber does not 
appear to owe anything to earlier experience with synthetic 
rubber. Gottlob (45) examined the effect of a considerable 
number of bases on the oxidation of methyl rubber and found 





56 


that of them tolidine, which had only a slight accelerating 
action on vulcanization, was most effective in preventing 
deterioration of the rubber. No application of the observa- 
tions to natural rubber seems, however, to have been made. 

The modern antioxidants, which in the last three or four 
years bid fair to establish themselves as components of rubber 
mixtures which are used almost as universally as are accelera- 
tors, were discovered, it seems, as a result of the observation 
that certain resinous accelerators—viz., those prepared by 
the condensation of aldehydes such as acetaldehyde with 
bases such as aniline—conferred on rubber marked resistance 
to aging. 

In regard to the proneness of synthetic rubber to undergo 
oxidation and the antioxidant effect of bases, reference may 
be made to measurements of the viscosity of sols of heat- 
polymerized methyl rubber which are recorded by Whitby 
and Crozier (174). The viscosity of sols in benzene was 
found to fall rapidly when the sols were kept in the dark. 
Thus, for example, in 53 days the relative viscosity of a 
certain sol had fallen from 4.65 to 2.38. The fall connoted 
a permanent change in the rubber, as, when the latter was 
recovered by alcohol precipitation and again dissolved in 
benzene, the low viscosity was unchanged. The addition 
of dimethylaniline (about 10 per cent on the weight of the 
rubber) prevented fall in the viscosity over an observation 
period of 34 days. 


EXPERIMENTS WITH Meretuyt RUBBER 


In the accounts (36, 45, 46, 61) of the German war-time 
experience with methyl] rubber the description of the proper- 
ties of the rubber are in general terms only, and there is a 
lack of numerical data which would enable a comparison in 
quantitative terms to be made with natural rubber. In 
view of this lack and of the renewed interest in synthetic 
rubber which has been excited by the recent discovery of a 
synthetic rubber from 2-chlorobutadiene, the present writers 
recently carried out a series of tests on methyl rubber, of 
which the following is an outline (177): 


Two samples of methyl rubber were used—viz., rubber formed 
(1) by spontaneous polymerization at room temperature, (2) by 
polymerization at 45° C. These, referred to as the cold polymer 
and heat polymer, respectively, correspond roughly to the H 
and W rubbers formerly manufactured in Germany. The cold 
polymer consisted of typical, white, ‘‘cauliflower’” masses (Figure 
1); the heat polymer was a clear, colorless, elastic mass. When 
milled, the heat polymer broke down readily and in a similar 
manner to natural rubber, but the sheet obtained was less tacky 
than in the case of natural rubber; the cold polymer was at 
crumbly and fell through the rolls, but, by continued milling, it 
became more plastic and eventually gave a sheet which, however, 
was leathery and devoid of tack. 

Vulcanization was carried out in what with natural rubber 
would be regarded as a modern type of highly accelerated stock, 
os of 100 parts methyl rubber, 3 sulfur, 5 zinc oxide, 
1 part of an ultra-accelerator, and 1 of an antioxidant. Tests 
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were also made on the same stock together with 25 parts carbon 
—_ For comparison, natural rubber was vulcanized in similar 
stocks. 

It was possible to carry out the rather extensive series of 
vulcanizations involved with a relatively small stock of synthetic 
rubber, thanks to a mold designed by Stedman (156) and shown 
in Figure 2; this mold, by enabling a ring test piece to be molded 
accurately instead of being cut out from a slab by means of a 
die, involved no waste of material. 


The salient features of the results are as follows: 

1. The cold polymer gave, in the unloaded stock at the 
best cures, vulcanized products less than one-third as strong 
and only one-third as extensible as products from natural 
rubber. 

2. The heat polymer gave, at the best cures in the un- 
loaded stock, vulcanized products almost as extensible but 
not more than one-tenth as strong as the products from 
natural rubber. 


TasB_eE II. Puysicat Properties oF NATURAL AND METHYL 
RvuBBER IN GuM? AND CaRBON Buack® Stocks aT 
APPROXIMATELY OptTimuM CURES 


RuBBER Stock CurE T 20° Two TB Epa 
Min. /° C. Kg. per sg. cm. % 
Gum? 30 =6110 16.1 96.8 293 710 


y: 
(heat polymer) Gum? 40 110 Se 26.2 28.2 509 

Methyl 
(cole polymer) Gum? 30 110 26.6 cae 77.6. 293 


Methy 
(cold polymer) Gum? 20 133 25.0 sieve 86.4 243 
Natural Carbon 
black® 30 110 19.7 194 349 650 
Methyl Carbon 
(heat polymer) black 60 110 Me 150 166.5 531 
ethyl Carbon 
Ceold polymer) blackb 20 133 54.2 ee 161 302 


@ 100 parts rubber, 3 sulfur, 5 zinc oxide, 1° anhydroaldol-a-naphthyl- 
amine, 1 piperidinium pentamethylenedithiocarbamate. 

6 Gum stock + 25 parts carbon black + 1.5 parts stearic acid. 

© Tx, Two, TB. Tensile strength at 200 per cent, 500 per cent elongation, 
and at break, respectively. 

@ Ex. Elongation at break. 


3. The admixture of carbon black with methyl rubber 
had a striking effect on its strength, an effect much greater 
than with natural rubber. The effect was greater with the 
softer heat polymer than with the stiffer cold polymer. The 
addition of 25 parts of carbon black to the gum stock raised 
the maximum tensile strength from 28.2 to 166.5 kg. per sq. 
cm. in the case of the heat polymer, from 86.4 to 161 kg. per 
sq. cm. in the case of the cold polymer, and only from 293 to 
349 kg. per sq. cm. in the case of natural rubber. The pro- 
found effect of carbon black on the tensile properties of methyl 
rubber is shown, not only by the increase just noted in the 
ultimate tensile strength, but also by the marked stiffening 
of the stock. The cold polymer, already in the gum stock 
somewhat stiffer than natural rubber, was by the addition of 
carbon black rendered far stiffer than natural rubber in the 
same stock; the load required to extend to twice the original 
length samples cured to the point of maximum tensile strength 
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was 54.2 and 19.7 kg. per sq. cm. in the two cases, respec- 
tively. 

Had carbon black attained at the time of the war, as it 
has today, the position of a recognized rubber-compounding 
ingredient and had it then been available in Germany, the 
story of synthetic rubber during the war might have been 
different from what it was. In the post-war German patent 
literature the great importance of carbon black as a com- 
pounding ingredient for synthetic rubber is recognized. 

4, The vulcanized products from methyl rubber not only 
had a markedly lower tensile strength than those from natural 
rubber, especially in a gum stock, but had much poorer 
‘“nerve;”’ that is, when allowed to recover under no load 
after being extended, they retracted with much less snap 
than natural rubber. This was particularly so with the 
cold polymer, which retracted sluggishly and was decidedly 
loggy. Actual measurements made on the rate of retraction 
confirmed these qualitative statements. 

5. The elastic properties of vulcanizates from methyl 
rubber were much more sensitive to change of temperature 
than in the case of natural rubber. The heat, polymer was 
particularly sensitive to fall of temperature. Reduction in 
the temperature of the rubber (gum stock) from 20° to 5° C. 
increased its tensile strength from 28.2 to 181 kg. per sq. cm. 
with no reduction in the extensibility. The cold polymer 
on the other hand, while not markedly affected by a fall in 
temperature to 5° C., was very sensitive to rise of tempera- 
ture; increase of temperature from 20° to 37° C. reduced the 
tensile strength of the gum stock from 68.4 to 10.9 kg. per 
sq. cm. Natural rubber, on the other hand, showed little 
stiffening when the temperature was reduced to 5° C. and 
relatively little softening when it was raised to 37°, the fig- 
ures for the tensile strength of the gum stock at 20°, 5°, and 
37° being 282, 272, and 219 kg. per sq. cm., respectively. 
Even at 70° the natural rubber retained a substantial 
amount of its tensile strength, whereas the strength of methyl 
rubber had almost vanished. 

Although, as just pointed out, rise in temperature seriously 
reduced the tensile strength of methyl rubber, it improved 
its nerve and caused the rubber to retract from moderate 
extension without the sluggishness which characterized it at 
ordinary temperature. 

The above statements concerning the tensile properties of 
methyl rubber are exemplified by the data of Tables IT and 
III. Not the full series of cures made but only the optimum 
cures (Table II) or typical cures (Table III) are quoted. 

Some experiments bearing on the use of elasticators were 
included. To a stock made from the cold polymer heavily 
loaded with carbon black were added 5 and 10 parts of an 
elasticator in the shape of a cellulose ester plasticizer (methyl- 
cyclohexyladipate). The effect was to increase the softness 
and extensibility of the vulcanizates and the speed of retrac- 
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tion, but the improvement in those respects was only moderate 
and left the product still far inferior to natural rubber. 

After the close of the war, interest in synthetic rubber 
lapsed, as is evidenced by a lack of patents for about 
seven years. Since 1926, however, and especially since 
1929 a large number of patents has been taken out, 
largely by the I. G. Farbenindustrie. The renewed interest 
was probably stimulated by the continued rise in the price of 
raw rubber from a post-war low of 14 cents a pound in 1922 
to a high of about $1.00 at the close of 1925. 

So far as butadiene and its homologs are concerned, the 
post-war work has been concerned only in a minor degree with 
the development of methods for the manufacture of the hy- 
drocarbons; it has had as its object mainly the improvement 
of the methods of polymerizing the dienes. 


PREPARATION OF DIENES 


The main post-war process developed by the I. G. for the 
preparation of isoprene involves the following steps (88): 
The starting material is gas, containing methane and possibly 
ethane and ethylene, such as natural gas, gas from the de- 
structive hydrogenation of coal, tars, mineral oils, etc., gas 
from oil cracking, or other similar gas. From this, acetylene 
is prepared, preferably by electric arcs actuated by a current 
of low frequency over which a high-frequency current has 
been superimposed and tuned to resonance (65). It is 
stated that acetylene thus produced is freer from catalyst 
poisons than acetylene from carbide. (2) The acetylene is 
converted to acetaldehyde, preferably by dilute sulfuric acid 
and a mercuric salt. (3) Condensation to aldol is effected by 
means of dilute alkali. (4) The aldol is reduced to 1,3-butyl- 
ene glycol at 50° to 110° C. under pressure by hydrogen in 
the presence of a nickel catalyst activated by aluminum oxide. 
(5) By passing the glycol at 180° to 250° C. over, for example, 
a copper catalyst containing alkali, it is partially dehydrated 
to yield methylethyl ketone. (6) The latter is condensed with 
formaldehyde by means of potassium carbonate, potassium 
hydroxide, or sodium alcoholates to yield 2-methyl-3-keto- 
butanol. (7) By catalytic reduction as in step 4 there is 
obtained 2-methyl-1,3-butylene glycol. (8) Finally iso- 
prene is obtained from the latter by passage over dehydration 
catalysts such as a mixture of mono- and disodium phosphates. 
The synthesis may be summarized thus: 


1 2 3 4 
eetiatenniiines: eully tener (OH)CH,CHO—>CH;CH- 
(OH)CH,CH,(OH) —> CH;COCH:.CH; —> CH;COCH (CHs)- 
— (OH)CH(CH;)CH,OH—>CH;:CHC(CH;):- 


Butadiene can be obtained by an abbreviation of this 
process—viz., by passing 1,3-butylene glycol (step 4) over 
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a dehydration catalyst, such as diatomite which has been 
treated with phosphorus pentoxide (78). 

In this connection the process developed by Merling of 
Bayer & Company just prior to the war and described -by 
Duisberg (35) as a cheap source of isoprene may be noted. 
Acetylene, prepared, for example, from carbide, is caused to 
add on to acetone by the agency of sodamide, giving, after 
acidification with hydrochloric acid, 3-methylbutinol (136), 
which is then reduced to 3-methylbutenol by means of agents 
such as sodium, zinc dust and acetic acid, and nickel (137), or 
by a zinc-copper couple (61). By removal of water from the 
ethylenic alcohol by passing its vapor over a barium cata- 
i isoprene is obtained (61): 


NaNH: CH H: 
O + CH: CH ae ans (OH)C: CH —> 


_H,0 
op OOHCH: CH; —> CH::CCH:CHs (isoprene) 


Considerable attention has been given to the formation of 
butadiene by cracking. The preparation of dimethylbutadi- 
ene and especially of isoprene is, according to most of the 
processes which have been devised, relatively complicated, 
involves a good many steps, and demands the consumption of 
considerable amounts of reagents, whereas butadiene can be 
obtained in a single step (without the use of chemical reagents) 
by the thermal treatment of appropriate materials. The 
yields of butadiene obtained by pyrolysis have, however, in 
most cases been only small. 

In none of the numerous studies of the pyrolysis of the 
lower, gaseous paraffins and olefins have yields of more than 
a few per cent of butadiene been obtained (24, 33, 42, 43, 50, 
141, 169, 182, 183). Much higher yields have, however, 
been obtained from cyclohexane. Frolich, Simard, and White 
(48) obtained 20.6 per cent (molar) of butadiene based on the 
cyclohexane decomposed. In a pyrolysis apparatus of spe- 
cial design, the authors’ colleagues, C..H. Bayley and A. Cam- 
bron, have obtained in one passage a yield of 60.8 per cent 
based on the cyclohexane cracked or 36.0 per cent based on 
the hydrocarbon put through. In a patent (110) on the 
production of butadiene by the cracking of paraffin hydro- 
carbons or cyclohexane, the I.G. Farbenindustrie states that 
at 650° C. cyclohexane is cracked to the extent of 40 per cent 
when mixed with steam and 30 per cent when heated alone. 

Some information is on record as to the amount of diolefins 
produced in commercial oil cracking. Aschan (2) states that 
an examination of the condensate obtained at the Abo oil 
gas works by compressing at 10 to 18 atmospheres the oil gas 
produced by the destructive distillation of 200,000 kg. of gas 
oil from Russian petroleum showed it to contain 324 kg. of 
isoprene, besides larger quantities of benzene, toluene, and 
benzine. Presumably butadiene was not separated by the 
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compression but was present in larger amount than isoprene. 
Pigulevskii and Nazaroff (150) found the “butylene concen- 
trate,’”’ obtained from the vapor-phase cracking of petroleum 
and used for the manufacture of butyl alcohols, to contain, 
besides isobutylene (35 to 40 per cent) and butylene (35 to 
40 per cent), 18 to 20 per cent of butadiene. 

There are several patents referring to the production of 
diolefins by cracking of hydrocarbons, either with or without 
catalysts (72, 110). One patent on the action of an electric 
discharge on the lower olefins states that butadiene is one of 
the products (115). Note should be made of the proposal of 
Plauson to prepare butadiene by the direct union of equimolecu- 
lar proportions of ethylene and acetylene by passing them 
over catalysts at pressures such as 55 to 65 atmospheres and 
temperatures such as 350° to 400° C. (151, 1538). 


POLYMERIZATION METHODS 


Work on the production of synthetic rubber from the parent 
dienes has, since the war, been directed chiefly to (1) elaborat- 
ing and improving the alkali metal polymerization process, (2) 
developing the process of polymerization in emulsions. In 
regard to the former process some measure of control of the 
reaction has been attained, and the properties of the resulting 
rubber have been improved. In regard to the latter process a 
considerable number of new catalysts of polymerization has 
been introduced and improved products have been obtained. 
Most of the newly patented processes are claimed to produce 
a synthetic rubber after only a few days of polymerization, as 
compared with the period of several months required by the 
methods used in Germany during the war. 


ALKALI METALS 


As applied before and during the war, sodium as a catalyst 
led to polymerization products which were lacking in plas- 
ticity, elasticity, and strength and were, moreover, difficult to 
vulcanize. The alkali metal reacted to a certain extent with 
the diene, and the polymerization process proceeded in an 
irregular or turbulent way and was difficult to control. More 
recently the method has been improved by the use of modifica- 
tions of the catalyst and by employing regulators and diluents 
such as acyclic, cyclic, and unsaturated ethers, acetals, hydro- 
aromatic and aliphatic ketones, unsaturated aldehydes, and 
various esters. It is claimed that the defects in the sodium 
polymerization process can thus be overcome and products 
obtained with better physical characteristics than in the past. 

According to Bock and Tschunkur (16), by carrying out 
the polymerization of isoprene with sodium or potassium in 
an indifferent atmosphere in the presence of high-molecular 
hydroxy or ether compounds, such as starch and cellulose 
ethers, a soft, plastic, and very elastic rubber is obtained in 
one day. The following example illustrates the process: 
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100 parts isoprene, 2 parts sodium pieces, and 1 part ethyl 
cellulose are treated in hydrogen in a rotating autoclave at 
40° to 50° C. for 12 to 24 hours. 

A considerable number of substances is specified as regu- 
lators of polymerization by alkali metals. Among these are 
unsaturated ethers, such as vinylethy! ether, ethylpropenyl 
ether, a-phenylvinylethy] ether (102, 119). These cause the 
polymerization to commence rapidly and proceed quietly 
and uniformly. For example, butadiene is polymerized in 
1.5 days by 0.25 per cent sodium in the presence of 1 per cent 
vinylethyl ether (102). A similar result may be attained by 


~~ Courtesy E. I. du Pont de Nemours & Company 


ACETYLENE GENERATORS IN DUPRENE PLANT A 
DEEPWATER Point, N. J. : 


the use of acetals from 1,2- and 1,3-glycols in combination 
with crotonaldehyde, acrolein, or cinnamic aldehyde, in 
concentrations of 0.05 to 5 per cent (101). Dioxane and 
other cyclic diethers also regulate the polymerization of the 
dienes by sodium. For example, butadiene with 0.4 per 
cent sodium and 5 per cent dioxane, when heated in a rotating 
autoclave at 40° C. for 1.5*days, gives a solid product which 
can be vulcanized to a soft rubber ($9). 

Small amounts of saturated and unsaturated halogen com- 
pounds, such as vinylchloride, chloroform, and carbon tetra- 
chloride, are said to exert a regulating effect on sodium poly- 
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merization and also to influence markedly the properties of 
the resulting polymer, Thus, in an example quoted, the 
polymerization of butadiene by 0.3 per cent sodium in the 
presence of 0.01 per cent vinylchloride by heating for 36 
hours at 60° C. gave a rubber the relative viscosity of a 1 per 
cent solution of which was 15; polymerization at 60° for 24 
hours with the same proportion of sodium but ten times as 
much vinylchloride gave a rubber the corresponding relative 
viscosity of which was only 2 (107). 

Small proportions of ammonia and various amines have a 
regulatory effect on sodium polymerization, slowing down the 
rate of reaction and avoiding undue rise of temperature (92). 
With pure butadiene, 0.5 per cent sodium, and 0.05 to 0.1 
per cent aniline, polymerization is almost quantitatively 
complete in 30 to 40 hours at 80° to 85° C., and the product 
displays satisfactory plasticity on the mill and a good capacity 
for taking up fillers. 

An important class of agents used to modify the properties 
of the product of sodium polymerization is nonreactive hydro- 
carbons, preferably of low boiling point, such as cyclohexane, 
petroleum ether, benzene, butylene, and amylene (90, 96). 
Such diluents are used to the extent of 10 to 20 per cent. 
They are swelling agents for the resulting rubber; they re- 
duce its viscosity and increase its plasticity. Further, they 
enable satisfactory results to be obtained even from relatively 
impure dienes, such as butadiene prepared by the pyrolytic 
decomposition of cyclohexane. Examples of polymerization 
procedures in which diluents are used are: (1) 100 parts 
butadiene, 10 cyclohexane, 0.5 sodium, at 25°C. in an auto- 
clave for 72 hours yield a rubber possessing a high degree of 
plasticity and thus facilitating further treatment; (2) 100 
parts butadiene, 15 amylene, and 0.5 sodium, stirred in an 
autoclave at 30° to 35° C. for some days gives an easily soluble 
product suitable for the preparation of films. Aliphatic 
ethers of low boiling point to the extent of at least 20 per cent 
may also be used as diluents and catalysts in alkali metal 
polymerization (90, 98). 

As originally practiced, the sodium polymerization of 
dienes was carried out by sodium in the form of wire. Accord- 
ing to more recent patents, however, it is advantageous to 
use sodium in the form of particles of uniform size, such as 
balls 1.1 mm. in diameter (97) or as a fine powder made by 
grinding with a diluent such as dry sodium chloride in a ball 
mill in an atmosphere of nitrogen (103). Or 1 part of sodium 
hydride at 30° to 40° C. may be used (85, 103). The use 
in conjunction with sodium of a little water (introduced as 
water of crystallization of an added salt) is said to be advan- 
tageous (104). ° 

The use of mixtures of alkali or alkaline earth metals was 
mentioned in the early patents of Matthews and Strange 
(184) and of Harries (58). Recently Midgley, Hochwalt, 
and Thomas (138) have claimed the use of sodium-potassium 
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alloys which are liquid at the working temperatures and in 
particular the eutectic mixture melting at 12° C. They 
state that, working in an atmosphere of nitrogen, it brings 
about polymerization in a rapid and uniform manner. The 
reaction may also be carried out in stages as follows: Iso- 
prene is treated with the sodium-potassium alloy; in the 
course of an hour or two, after it has been converted into a 
white, plastic, gummy body, the product is separated, dis- 
solved in benzene, and subjected to further polymerization by 
such other catalysts as sulfuric acid or chlorides of alumi- 
num, zine, tin, or iron. The product is stated to resemble 
natural rubber closely. 


EMULSION POLYMERIZATION 


The fact that rubber occurs naturally, as latex, in an emulsi- 
fied condition suggests the idea of preparing synthetic rubber 
by polymerizing dienes in emulsion. A few patents embody- 
ing this idea were taken out prior to the war (9), and during 
recent years it has been elaborated and extended in a large 
number of patents obtained by the I. G. Farbenindustrie. 
By carrying out the polymerization of the dienes in emulsion, 
especially in the presence of suitable catalysts, it has been 
found that polymerization can be effected more rapidly, at 
lower temperatures (with the consequent avoidance of oily 
by-products), and to better products than by heating the 
dienes in the massive condition. Further, the resultant emul- 
sions of synthetic rubber have advantages as compared with 
solid products in the matter of convenience of manipulation 
and ease of preservation. Like natural latex, the synthetic 
latex can be concentrated to pastes, from which, even after 
long storage, the original latex can be obtained by the addi- 
tion of water (76); and, also like natural latex, it can be co- 
agulated by freezing and then allowing to thaw (79) and, by 
treatment with proteolytic enzymes (77) or by the addition 
of electrolytes (106). 

Agents specified as being used in conducting the emulsion 
polymerization process may be classified as: emulsifying 
agents, polymerization catalysts, protective colloids, elec- 
trolytes, substances which modify the surface tension, and 
plasticizers (71, 82, 83). It is advantageous to maintain 
the pH of the emulsion at 4 to 8.5 (68, 111), and buffer solu- 
tions—e. g., trisodium phosphate—may be used to achieve 
this. Homogenizing the emulsions prior to polymerization 
improves the yield (130). The various types of substances 
used in carrying out the emulsion polymerization of butadiene 
and its homologs will now be reviewed briefly. 

Emutsiryine Acrents. Agents prominently mentioned in 
the patents are sodium isopropyl-§-naphthalenesulfonate, 
sodium butyl-a-naphthalenesulfonate (67), tetrahydronaph- 
thalene-8-sulfonic acid -(69), oleyl-8-diethylaminoethylamine 
(93). Others are sodium oleate, linolate, or stearate, sulfite 
cellulose waste liquor, sulfonated mineral oils, organic sulfonic 
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acids (82, 84, 86), bile salts and derivatives (74), magnesium 
oleate (81). 

PoLYMERIZATION CatTatysts. The agent most promi- 
nently mentioned is hydrogen peroxide, either alone or in the 
form of its loose combination with urea (68). Other cata- 
lysts specified are sodium perborate, potassium percarbonate 
(83, 112), persulfates, organic and metallic peroxides, per- 
benzoates, perchlorates (83, 84), ozonides (82), the insoluble 
or colloidally soluble organic or inorganic salts of heavy 
metals, such as cobalt, lead, and manganese, which exist in 
several valency steps (69, 87). More recently it has been 
claimed that the presence of about 5 per cent of halogen com- 
pounds, such as carbon tetrachloride, hexachloroethane, 
chloral hydrate, and trichloroacetic acid, act advantageously 
in the emulsion polymerization process by increasing the 
speed, enhancing the yield, and improving the plasticity 
and adhesive properties of the product (108, 121). 

Gerke of the United States Rubber Company has patented 
the use of acid anhydrides, such as acetic and benzoic an- 
hydrides, for the purpose of increasing the rate of polymeriza- 
tion of dienes by inorganic peroxides, such as barium per- 
oxide (44). 

By the aid of catalysts the polymerization of butadiene 
and its homologs in emulsion can be brought about in periods 
of a few days to 3 weeks at 50° to 60°C. This may be com- 
pared with 6 months at 50° specified by Dinsmore (34) for 
polymerization in emulsion without a catalyst. 

Protective Cotuorps. Certain organic colloids not only 
affect the stability of the emulsions during polymerization by 
heat and reduce the time of polymerization but influence the 
properties of the resulting synthetic rubber. Substances 
specified are carrageen moss extract, gum arabic, linseed meal 
extract, blood serum, gelatin, glue, casein, egg albumen, 
cow’s milk, starch, dextrin (68, 70). 

ELECTROLYTES AND Puasticizers. The use of suitable 
electrolytes in conjunction with added colloids is advanta- 
geous as improving the plasticity, milling properties, and in 
many cases the strength of the product. Such electrolytes 
are calcium caseinate, sodium sulfate, sodium bisulfite, 
potassium iodide, acetic acid, hydrochloric acid, phosphoric 
acid, malonic acid (66,73). The acids and acid salts specified, 
if used in conjunction with proteins, are also said to acceler- 
ate the polymerization (73). Other materials which, when 
incorporated in the emulsions, are said to improve the plas- 
ticity of the rubber produced are polymerized or oxidized 
castor, linseed, and other oils. These agents may also be 
used in combination with aqueous ammonia to form emulsions 
of the diolefins without other additions (89). The milling 
properties of synthetic rubber and its capacity for taking 
fillers may also be improved by the incorporation in the emul- 
sions of unsaturated ketones of the type RiR2zC:CRsCO-R,, 
such as methylmethylene ethyl] ketone (109). 
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Susstances Wuicu Mopiry THE SuRFACE TENSION. Sub- 
stances, such as amyl, heptyl, and benzyl alcohols, and 
various ketones, which modify the surface tension are said 
to be advantageous in the polymerization of emulsions of 
dienes especially in the presence of added colloids (83). 


EXAMPLES OF EMULSION POLYMERIZATION 


A few examples may be given to illustrate the process of 
polymerizing dienes in emulsion with the aid of agents such 
as those enumerated above. 

1. Two hundred parts butadiene, 90 milk, 4 glue, 4 methyl 
cellulose, 2 sodium butyl-a-naphthalenesulfonate, 1 sodium 
isopropyl-8-naphthalenesulfonate, 4 castor oil, and 1 urea- 
hydrogen peroxide compound are emulsified and heated for 
7 days at 50° to 55° C. A white polymer, stable in air, is 
obtained in quantitative yield. Without the urea-peroxide 
compound the yield under similar conditions is less than 20 
per cent (67). 

2. Four hundred parts isoprene by volume are emulsified 
with 500 parts water, 15 ammonium oleate, 10 trisodium 
phosphate, 5 parts 30 per cent hydrogen peroxide solution, 25 
parts 5 per cent solution of glue. After standing for 190 
hours at room temperature there is obtained a viscous, homo- 
geneous latex which can be coagulated to a plastic and elastic 
rubber (82). 

3. One hundred fifty parts butadiene by weight and 15 
parts hexachloroethane are emulsified in a solution of 15 
parts sodium stearate in 150 parts water. At ordinary or 
slightly increased temperature a substantially quantitative 
yield of synthetic rubber is obtained in 5 days. Without 
the hexachloroethane the yield is only 45 per cent and cannot 
be substantially increased by prolonging the duration of the 
process (108, 121). 

4, Eight and three-tenths parts by weight butadiene, 2.52 
methylmethylene ethyl ketone, and 8 of a 3 per cent solution 
of the hydrochloride of diethylaminoethoxyoleylanilide, after 
agitation at 60° C. for several days, give a quantitative yield 
of a product which becomes soft and plastic on the mill and 
produces a good vulcanizate (109). 


STEPWISE POLYMERIZATION AND MIXTURES 


By mixing the polymeric products from two different di- 
enes (114), or by polymerizing a mixture of such dienes (118), 
or again by carrying out the polymerization in two stages, 
applying, if desired, a different polymerization procedure in 
each stage (80, 95) products may be obtained with improved 
properties or with properties specially suited to particular 
purposes. Thus, for example, it is advantageous to mix poly- 
mers of dimethylbutadiene made at different temperatures 
(114). Vulcanization tests on such a mixture have been re- 
ported by the present authors (177). A mixture of the poly- 
merizate obtained from butadiene by sodium and that ob- 
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tained by polymerization after emulsification in sodium 
stearate solution is recommended (114). Or partial poly- 
merization to a sirupy consistency may be effected by heat 
and the product then emulsified and polymerization continued 
(105); or again, emulsions of the same diene polymerized 
for different periods and therefore to different extents (75) 
may be mixed. 


The polymerization of a suitable mixture of dienes—e. g., 
the polymerization of a mixture of butadiene, isoprene, and 
dimethylbutadiene in emulsion—is claimed to give an im- 
proved product (117). Or again, polymerization may be 
carried to completion in stages, applying different polymeriza- 
tion procedures in the different stages. For example, 40 parts 
isoprene are treated at 35° C. with 3 per cent sodium until 
converted to a highly viscous liquid; the partially polymer- 
ized product is then dissolved in 70 parts isoprene and poly- 
merization is completed by emulsification in 70 parts of 10 
per cent sodium oleate solution and heating at 60° C. (80). 


Almost certainly such elaborations are on the right lines, 
since, as one of the authors has previously shown (172, 178) 
natural rubber is heterogeneous, being composed of isoprene 
in different states of polymerization. 

Not only may mixtures of butadiene and its homologs be 
polymerized together, but they may also be polymerized 
along with certain other polymerizable hydrocarbons (in 
particular, styrene) to yield products with special, modified 
properties (99, 120). For example, a mixture of 2 parts buta- 
diene and 1 part styrene emulsified in a solution of sodium 
isobutylnaphthalenesulfonate and glue in the presence of 
0.01 part carbon tetrachloride and heated for 5 days at 55° 
C. is stated to yield a strong, plastic product possessing the 
highly valuable properties of soft rubber. On the other hand, 
the same mixture in a saponin solution in the presence of 0.1 
part carbon tetrachloride and heated for 8 days at 60° is 
stated to yield 100 per cent of a product which does not pos- 
sess the valuable soft rubber properties of the styrene-butadi- 
ene-emulsion rubbers, but which is suitable for other tech- 
nical purposes (108). Such mixed polymerization products 
have been claimed as especially suitable for insulating sub- 
marine cables (64). It is interesting that, when polymerized 
together, styrene and butadienoid hydrocarbons appear to 
give a product of uniform consistency, whereas, as the authors 
have found, the already polymerized product from styrene 
does not blend well with rubber on a mill. 


The polymerization of dienes in the presence of rubber 
latex is said to give products which often equal natural rub- 
ber in strength. Thus, butadiene mixed with an equal weight 
of natural rubber in the form of latex and polymerized at 
75° C. with the aid of hydrogen peroxide is said to give a 
product which on vulcanization requires a load of more than 
200 kg. per sq. cm. to stretch it 700 per cent and has a tensile 
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product (tensile strength in kilograms per square centimeter 
times percentage elongation) of 150,000 (84, 113). 


SPECIAL POLYMERIZATION METHODS 


It has been frequently stated in the press during recent 
years that in Russia synthetic rubber has been prepared on 
a large scale or that attempts have been made so to prepare 
it. Authoritative and up-to-date information on Russian 
activity is to be found in a recent article by Lourie (13/a), 
for a translation of which the authors are indebted to their 
colleague, L. Skazin. It appears that in Russia attention 
has been devoted chiefly to butadiene rubber. (It is stated 
that hundreds of tons of such rubber have been made, that 
tires from it have given mileages up to 27,000 km. on Russian 
roads, and that a large new factory for the production of the 
rubber is being built at Yaroslav. The butadiene is being 
made by a method developed by Lebedeff (126a), which 
consists in passing ethyl alcohol under a slightly reduced 
pressure over a mixed dehydration-dehydrogenation catalyst 
—e. g., a mixture of alumina and zinc oxide. The yield is 
stated to be 20 per cent (34 per cent of the theoretical), 
whereas the yield in the Ostromislenski ethyl alcohol- 
acetaldehyde process (page 1207) was found to be only 6 per 
cent. Butadiene is isolated from the reaction products by 
absorption in kerosene or turpentine, after first cooling to 
—5° C. in order to remove higher boiling material. Semi- 
large-scale work is in progress on the recovery of butadiene 
from gas, obtained by the pyrolysis of oil, which is supplied 
to Leningrad and Moscow. Polymerization of butadiene in 
70 per cent concentration is effected by means of metallic 
sodium. It is stated that the rubber has a wider tempera- 
ture interval of elasticity than natural rubber; it will suffer 
lower temperatures without hardening, and at temperatures 
up to 80-100° C. it does not soften but rather becomes 
somewhat harder. It can be reclaimed like natural rubber. 

It is of interest to note a patent taken out by Bysow and 
the Russian Resinotrest referring to the polymerization of 
butadiene or its homologs in the presence of their dimers and 
of a 1 per cent catalyst consisting of a tautomeric substance 
such as diaminoazobenzene or benzoylacetic ester (22). 
This process hardly represents a revolutionary advance in 
the art; the yield appears to be low (a 30 per cent conversion 
of butadiene to rubber in 30 days at 60° C. is specified), 
and the idea on which the process is based is of doubtful 
validity. This idea is that in the polymerization of dienes 
there is an equilibrium between the monomer, dimers, and 
polymer, and that, by adding dimer at the outset, the forma- 
tion of polymer will be favored. In fact, the dimers which 
can be isolated by the polymerization of conjugated dienes 
are not and do not comprise, as Ostromislenski suggested 
(145), products intermediate between monomer and rubber, 
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but are cyclic by-products, as has lately been shown by 
Whitby and Crozier (174) and by Wagner-Jauregg (165). 

The I. G. Farbenindustrie claims that a large class of un- 
saturated compounds, including diolefins, may be catalyti- 
cally polymerized by the aid of carbonyls of iron, nickel, and 
other heavy metals (100). The Bataafsche Petroleum Com- 
pany has patented a method for the preparation of synthetic 
rubber from butadiene or isoprene which involves treatment 
with aluminum in the presence of ammonium chloride and 
nitrobenzene (6). Cathode rays (151) and high-frequency 
currents (1) have been specified as polymerization agencies. 
Enzymes isolated from natural latex have been claimed as 
polymerization agents for dienes (91). 

The application of high pressures to butadiene and its homo- 
logs at ordinary temperature as a method of bringing about 
polymerization in a short time was first described by Traun 
and by Plauson (154, 163). The dienes alone can be used, or 
they can be diluted with a solvent or emulsified; or the dienes 
can be subjected to pressure as formed by, for example, pass- 
ing a mixture of equimolecular proportions of an ethylenic and 
acetylenic hydrocarbon over a catalyst under pressure (153, 
154). The pressure employed is 50 to 600 atmospheres; the 
temperature not more than 30° C. and preferably ordinary 
temperature. It is stated, for example (152-154) that in an 
atmosphere of nitrogen at 300 atmospheres the polymerization 
of butadiene is complete in 4 weeks. At 600 atmospheres 
the polymerization of a mixture of equal parts of isoprene 
and dimethylbutadiene in emulsion can be performed in 5 
to 6 days. Conant and Tongberg (31) state, however, that 
in a repetition of this experiment they were able to obtain 
only the merest trace of polymer. 

The effect of pressure in accelerating the polymerization of 
isoprene, dimethylbutadiene, and other polymerizable sub- 
stances was discovered independently by Bridgman and 
Conant (19, 122), who applied very high pressures (from 
3000 to 12,000 atmospheres) and found them to produce 
rapid polymerization. Conant and Tongberg (31) studied 
the subject more closely. They found the oxygen or per- 
oxides present in samples of the dienes which had stood in 
the air for some time to exert a marked effect on the rate of 
polymerization. Isoprene, into which ozonized oxygen had 
been passed for 5 hours, became polymerized to the extent of 
88 per cent when subjected at room temperature to a pressure 
of 12,000 atmospheres for 5 hours. The product was a 
colorless, rubbery solid which would not, however, stand 
stretching more than twice its length without breaking and 
would not dissolve to an appreciable extent in any solvent 
tried. If, however, polymerization was carried to only 30 
per cent of completion, and the unchanged diene was then 
removed, the product was very elastic and tough, could be 
stretched three or four times without breaking, and dissolved 
in ether in 40 hours to the extent of 90 per cent. These ob- 
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servations are in accord with the views which one of the 
authors has previously expressed as to the influence of the 
degree of polymerization on the elastic behavior and solu- 
bility of elastic colloids (173). 

Oxidized pinene was found to be an effective catalyst in the 
polymerization of dienes under very high pressures. 


Courtesy E. I. du Pont de Nemours & Company 


Upper Portion OF MONOVINYLACETYLENE REFINING STILLS IN 
DuPRENE PLant aT DEEPWATER Point, N. J 


VULCANIZATION 


In none of the pre-war and in only a few of the post-war 
patents referring to the preparation of synthetic rubber are 
any numerical data given on the tensile properties of the 
vulcanized products. Such data as are given, however, make 
it apparent that, as was found in the tests on methyl rubber 
already described, vulcanizates of satisfactory strength are 
obtainable only if carbon black or other finely particulate 
material (116), such as colloidal silicic acid or finely divided 





72 


metallic oxides, is compounded with the rubber. It is 
stated generally in a recent patent of the I. G. that synthetic 
rubber, consisting advantageously of a mixture of two different 
solid polymerization products, when vulcanized in stocks 
containing from 30 to 80 per cent of its weight of carbon black 
gives products with a tensile strength of 150 to 275 kg. per 
sq. cm., an ultimate elongation of 400 to 800 per cent, and a 
tensile product (strength X< elongation) of 50,000 to 190,000; 
when vulcanized in the absence of carbon black, it gives 
products having a tensile product of only 15,000 to 40,000 
(164). 

Typical numerical data on the strength of synthetic rubber 
prepared from butadiene and its homologs by the most recent 
polymerization procedures may be instanced: (1) 100 parts 
of a mixed rubber made by the emulsion or heat polymeri- 
zation of a 1:1 mixture of butadiene and isoprene, when com- 
pounded with 15 parts zine oxide, 3 sulfur, 2 stearic acid, 
2 tar, and 1 diphenylguanidine, gave, after vulcanization, 
products with a tensile strength of 30 to 50 kg. per sq. cm. 
and an ultimate elongation of 300 to 500 per cent; when 
compounded with the same ingredients together with 50 parts 
of carbon black, the vulcanized products had a tensile strength 
of 180 to 220 kg. per sq. cm. and an ultimate elongation of 
600 to 800 per cent (94). (2) A 10:3 mixture of butadiene 
and a-methylstyrene was polymerized by heating in emulsion 
for 4 to 5 days at 60° C.; 100 parts of the product were com- 
pounded with 50 parts carbon black, 15 zine oxide, 2 stearic 
acid, 1 sulfur, 1.77 accelerator, and were then vulcanized by 
heating for 140 minutes at 144°. The vulcanized product 
had a tensile strength of 211 kg. per sq. cm., an ultimate 
elongation of 500 per cent, and an “elasticity” (? set) of 41 
per cent (99). 


CHLOROPRENE RUBBER 


Towards the end of 1931 the Du Pont Company announced 
the striking discovery that 2-chloro-1,3-butadiene (chloro- 
prene) gives on polymerization a synthetic rubber. In the 
opinion of the present writers, fully polymerized chloroprene 
equals vulcanized natural rubber in its elastic properties more 
closely than any synthetic rubber previously produced. Its 
tensile strength and extensibility are almost equal to those 
of vulcanized natural rubber; its nerve and the snap with 
which it retracts after extension are remarkable and are in 
marked contrast to the comparatively sluggish behavior of 
previous synthetic rubbers; like natural rubber, it gives an 
x-ray diffraction pattern when stretched, and, as the present 
authors have found, it exhibits the so-called Joule effect. 
In certain respects its properties are better than those of 
natural rubber; in particular it imbibes organic liquids less 
readily and is less susceptible to deterioration through oxida- 
tion. On the other hand, the authors found samples exam- 
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ined by them to suffer a more serious fall in strength with 
rise of temperature than does natural rubber. 

Not only are the properties of chloroprene rubber ap- 
parently superior to those of any previous synthetic rubber 
preparations, but, in contrast to the comparatively in- 
volved procedure demanded by most of the other processes 
devised for the preparation of synthetic rubber, only two 
steps are required to pass from the initial material, acety- 
lene, to the polymerizant, chloroprene. 

Chloroprene rubber was discovered, not apparently as a 
result of research with synthetic rubber as its definite objec- 
tive, but as an outcome of the study of certain polymers of 
acetylene discovered by Nieuwland. It was observed by 
Nieuwland that, on passing acetylene into a concentrated 
solution of cuprous chloride, made with the aid of ammonium 
chloride or salts of amines, and allowing the reaction mixture 
to stand, liquid polymers of acetylene could be secured (139, 
140). Of these the trimer, divinylacetylene (CH::CHC:- 
CCH:CH:) could most readily be obtained in good yield. 
This material could readily be polymerized but did not yield 
a satisfactory synthetic rubber (23, 139, 140). When com- 
pletely polymerized, it gave a clear, colorless resin, distin- 
guished by the possession of noteworthy resistance to chemical 
attack and insolubility in all the solvents which were exam- 
ined. An intermediate polymeric product from divinylacety- 
lene is now on the market under the designation S. D. O. 
(synthetic drying oil). When applied in films and exposed to 
the air, it undergoes conversion to the final polymer, which, as 
just indicated, is resistant to chemical and solvent attack (30). 

Under appropriate conditions of reaction, acetylene 
treated with cuprous and ammonium chlorides gives the dimer 
vinylacetylene (CH::CHC:CH) in good yield. Vinylacety- 
lene (28) is a liquid which boils at 5° C.!_ It polymerizes 
readily to form first a viscous oil and finally a hard, resinous 
solid. By the addition of one molecule of hydrogen chloride, 
it gives 2-chloro-1,3-butadiene which, on account of its 
analogy to isoprene, has been termed “chloroprene.” The 
addition is conveniently effected by the use of concentrated 
hydrochloric acid in the presence of cuprous and ammonium 
chlorides (28). It has been shown by Carothers, Berchet, 
and Collins (25) that 1,4- addition occurs first, producing 4- 
chloro-1,2-butadiene which is incapable of polymerization, 
and that, on standing in the presence of the reagents, 
isomerization to 2-chlorobutadiene takes place. 

Like isoprene, chloroprene is capable of yielding rubber-like 
polymers, but, owing to the presence of chlorine in the buta- 
dienoid system, which renders the molecule markedly polar, 
it polymerizes far more quickly than does isoprene. The in- 
fluence of a halogen atom in an unsaturated system on poly- 
merizability is well shown by comparing ethylene (CH::- 

1 Du Pont chemists have prepared two hundred and fifty derivatives of 
vinylacetylene and will shortly issue a monograph on them (157). 





HCl 
2CH : CH —> CH::CHC : CH —> CICH.CH:C:CH, —> 
CH2:CHC:CH, (chloroprene). 


| 
Cf. CH::CHC:CH,; (isoprene) 


CHs 


CH:) with vinylchloride (CH::CHCl). Vinylchloride poly- 
merizes not only more readily but to a higher degree than 
does ethylene. 


HoMo.Locs AND ANALOGS OF CHLOROPRENE 


It has been pointed out earlier in this paper that the num- 
ber of homologs of butadiene which can by polymerization 
give rise to synthetic rubbers is strictly limited, the ease of 
polymerization falling off rapidly as the homologous series is 
ascended. A similar state holds for homologs and analogs 
of chloroprene. Rather extensive studies in this connection 
by Carothers and his confréres indicates the following generali- 
zations: (1) Whereas alkyl substitution in the median posi- 
tions of the butadienoid system does not seriously affect 
the polymerizability of chloroprene, terminal substitution 
reduces it markedly, and, the larger the terminal alkyl sub- 
stituent, the more seriously is the ease of polymerization 
affected. (2) Whereas the introduction of an additional chlo- 
rine atom in a median position enhances the polymerizability 
of chloroprene, its introduction in a terminal position reduces 
it greatly. These conclusions are in accord with the work 
of Whitby and Gallay, previously mentioned, on the effect of 
substitution on the polymerizability of butadiene. It ap- 
pears that the terminal hydrogen atoms in conjugated systems 
play an important role in the polymerization of such systems 
and that substitution of them, even though in part only, 
greatly reduces the ease of polymerization and the degree of 
polymerization attainable. This is understandable in the 
light of the view, enunciated by Whitby and Katz (178) asa 
result of studies of the polymerization of indene, and subse- 
quently elaborated (176), that the polymerization depends on 
stepwise additions at each of which a hydrogen atom wanders. 

Homologs of vinylacetylene were prepared by the action 
of sodium acetylide on the appropriate ketones, followed by 
dehydration of the resulting carbinols, and the elements of 
hydrogen chloride were then added. 3-Methylchloroprene 
(CHe:CClCMe:CH:) was found to polymerize at a rate com- 
parable with, although a little slower than, the rate of poly- 
merization of chloroprene and to yield a rubber-like polymer, 
similar to polychloroprene, although somewhat deficient in 
resilency and extensibility. 3,4-Dimethylchloroprene (CH::- 
CClCMe:CHMe), owing to the extra substitution in the 
terminal position, polymerized much more slowly than 
chloroprene and apparently not much more quickly than iso- 
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prene. The product, while elastic, is soft and sticky and, 
when subjected to vulcanization, loses its plastic character 
only partially (26). 


1-Alkylchloroprenes all polymerize much more slowly than 
chloroprene itself (123). Whereas exposure at 30-35° C. to 
a 150-watt electric bulb causes chloroprene to polymerize 
almost completely in 48 to 80 hours, 1-methylchloroprene 
(CHMe:CCICH:CH:) requires exposure for 6 or 7 weeks, and 
the corresponding ethyl-, N-butyl-, and N-heptylchloroprenes 
still longer for polymerization. The degree of polymerization 
attained by the 1-alkylchloroprenes is apparently consider- 
ably less than that attained by chloroprene. With the pos- 
sible exception of the product from the heptyl compound, 
they were rubber-like but were all much inferior to polychloro- 
prene. 

2,3-Dichlorobutadiene (CH2:CCICCI:CH:) polymerizes 
about ten times as rapidly as chloroprene itself, but the prod- 
uct (which contains 57.7 per cent of chlorine) is almost en- 
tirely devoid of rubber-like properties, being a tough, hard, 
nonplastic mass. 1,2,3-Trichlorobutadiene (CHCI1:CCICCI:- 
CH), on the contrary, polymerizes more slowly than chloro- 
prene, requiring about one month as against 10 days at room 
temperature. The product was apparently in a less advanced 
state of polymerization than polychloroprene, being a rather 
soft, friable mass (15). Hence it appears that an extra chlo- 
rine atom in the 3- position enhances the polarity and poly- 
merizability of chloroprene, whereas a third chlorine atom, 
in a terminal position, reduces the polarity and polymeriza- 
bility. In this connection it may be noted that, whereas 
in a simple olefinic system a chlorine atom on one of the 
carbon atoms confers, as in vinylchloride (CH2:CHC1), great 
polymerizability, a second chlorine on the other carbon atom, 
as in dichloroethylene (CHCl:CHC\l), destroys the polymeriza- 
bility by rendering the olefinic system symmetrical. 

Bromoprene (CH2:CHCBr:CH.) is substantially similar to 
chloroprene in regard to its ease of polymerization and the 
nature of its polymeric products (27). Its speed of polymeri- 
zation is somewhat greater than that of chloroprene. The 
product obtained by its complete, spontaneous polymerization 
is similar in elastic behavior to the corresponding product 
from chloroprene (as will appear later) but tends to harden 
on keeping. When polymerized in an emulsion it gives a 
product which, when prepared in the form of films, has a 
tensile strength of 160 kg. per sq. cm. and an ultimate elonga- 
tion of 740 per cent. The material, however, shows a higher 
permanent set than the corresponding material from chloro- 
prene and, further, shows a tendency to “freeze” when kept 
cold. 

Comparison of the properties of butadienoid substances 
and the synthetic rubbers to which they give rise by poly- 
merization is shown in Table IV. 
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CHLOROPRENE POLYMERS 


It has been estimated (28) that the rate of polymerization 
of chloroprene is seven hundred times that of isoprene. When 
kept in the absence of light at room temperature, chloroprene 
becomes completely polymerized in 10 days to a transparent, 
resilient, elastic mass resembling soft vulcanized rubber. 
The product has a tensile strength of about 140 kg. per sq. 
cm. and an ultimate elongation of about 800 per cent. Like 
vulcanized rubber, it cannot be worked on a mill to a smooth 
sheet, being nonplastic; it swells strongly but does not dis- 
solve in rubber swelling agents. For convenience, completely 
polymerized chloroprene, such as is obtained by allowing the 
pure monomer to stand for 10 days, has been designated 
u-polychloroprene. If polymerization is carried out only 
part way and the polymer then isolated from unchanged 
monomer, there is obtained a plastic material which is analo- 
gous to milled, unvulcanized rubber, and which has been desig- 
nated a-polychloroprene. The a-polymer can be manipu- 
lated on a mill much like raw rubber, various materials being 
incorporated with it if desired. It can then be transformed 
into the u- polymer by heating or otherwise completing the 
polymerization process. The further polymerization of the 
intermediate, or a-, polymer, to the fully polymerized product, 
the yw- polymer, is analogous to the transformation of milled 
raw rubber (plastic and soluble) to vulcanized rubber (elastic 
and insoluble). [The case of the polychloroprenes lends sup- 
port to the view which one of the writers had previously 
maintained (172, 173) that the vulcanization of rubber is 
essentially a catalytic polymerization process. | 

The semi-polymerized product, a-polychloroprene, is pre- 
pared by polymerizing chloroprene to the extent of about 
30 per cent, conveniently by exposure at 35° C. to a Mazda 
lamp or mercury arc in glass, and then removing the un- 
changed monomer by pouring into alcohol or distilling under 
reduced pressure. If kept for about 48 hours at 30° or 
heated for about 5 minutes at 130°, the a- polymer undergoes 
change to the y- polymer. This change, which corresponds 
to vulcanization, almost reaches its limit with the formation 
of a product of optimum elastic properties, and longer heat- 
ing produces little further polymerization and hence only a 
slow change in the elastic properties of the product. In other 
words, the product is little susceptible to overvulcanization. 
This is in contrast to the behavior of natural rubber. The 
vulcanization (in the authors’ view, the polymerization) of 
natural rubber does not normally come to an end when the 
product has optimum mechanical properties, but, with con- 
tinued heating, proceeds beyond that point, with the result 
that the material becomes overvulcanized; the tensile 
strength and extensibility fall, and, if there is sufficient sulfur 
and accelerator to advance the vulcanization far enough, a 
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condition of “shortness” or even brittleness is ultimately 
attained. 

The transformation of a- to yw-polychloroprene and the 
properties of the latter are shown by data of Carothers, Wil- 
liams, Collins, and Kirby (28). Compounded stocks of the 
composition given in Table V were made on a mill and heated 
for various times at several temperatures. 

In the stock in question, owing to an insufficiency of sulfur, 
the natural rubber does not become overvulcanized in the 
strict sense of the term but rather suffers “reversion.” 
The sensitiveness of the process of vulcanization of natural 
rubber to changes in the period of heating as compared with 
the relative insensitiveness of the transformation of a- to 


TABLE V. VULCANIZATION OF a-POLYCHLOROPRENE* AND 
Natural RuBBER (SMOKED SHEET) 


Stocks A B 
Parts 


a-Polychloroprene 100 si 

Smoked sheet AR 100 
Zinc oxide 10 10 
Sulfur <% 3 


Stearic acid : = 3 
Accelerator { Pebeetgmaidine ‘. a 
Phenyl-a-naphthylamine (antioxidant) 1 
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. per sq. cm, Kg. per sq. em. % 
12:6 860 
210.0 760 


205.0 720 
480 87.0 800 


@ It is fair to remark, in comparing these and other data quoted on the 
mechanical properties of chloroprene rubber with data for natural rubber, 
that, while natural rubber has been studied fully, the available data for 
chloroprene rubber refer to only a limited number of samples made during 
the course of the development work. It is reasonable to suppose that still 
better results will be secured with chloroprene rubber, as more information is 
obtained concerning the factors involved in the polymerization of chloro- 
prene and concerning the influence on its vulcanization of compounding in- 
gredients alone or in combination. 
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u-polychloroprene to changes in the temperature and period 
of heating is, however, amply demonstrated by the figures in 
Table V. 

Products made by the heat vulcanization of a-polychloro- 
prene tend to have a powerful and persistent, although not 
unpleasant odor. This is due probably to the presence of a 
small amount of oily dimers. Such dimers are apparently 
not formed when chloroprene is polymerized in emulsion at a 
low temperature. Their formation is favored by elevated 
temperatures. 

The polymerization of chloroprene in emulsions gives in- 
teresting results. When emulsified, chloroprene changes to 
the u- polymer more quickly than when in the massive condi- 
tion, the rate of polymerization being apparently at least 
twenty times as rapid as that of undispersed chloroprene. If 
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chloroprene is emulsified in a solution of sodium oleate and the 
emulsion allowed to stand, polymerization is so vigorous that 
the temperature begins to rise in about 30 minutes and may 
quickly reach the boiling point of chloroprene unless cooling 
is applied; polymerization is complete in 2 to 8 hours at room 
temperature. The product, which corresponds to a vulcan- 
ized latex, may be stabilized by adding a little ammonia, 
which neutralizes the small amount of free acid which is 
formed during polymerization and which would otherwise 
bring about gradual coagulation. Latex thus prepared is 
fluid so long as the concentration of polychloroprene is not 
more than 55 per cent. The average particle diameter is only 
0.1264. In natural latex the particle size ranges from 0.5 
to 3u. 

The use of a number of different emulsifying agents with 
chloroprene has been studied by Williams and Walker (181). 
Turkey-red oil, casein dispersed with sodium hydroxide or 
acetic acid, triethanolamine stearate, and sodium stearate all 
give emulsions in which chloroprene polymerizes completely 
within a few hours and in which the particle size is similar— 
viz., 0.1 to 14. Carrageen moss, on the other hand, gives 
an emulsion which, although the particles are similar in size, 
does not lead to acceleration of the polymerization, the ma- 
terial separated from the emulsion being the plastic, a- 
polymer. If sodium stearate sufficient to provide a mono- 
molecular layer is added to a carrageen moss emulsion of 
chloroprene, polymerization proceeds rapidly. The nature 
of the interfacial layer is considered to have an important 
influence on the rate of polymerization. 


PROPERTIES OF POLYCHLOROPRENE 


Owing to its high chlorine content (40 per cent) chloroprene 
rubber is very resistant to combustion. It is more resistant 
than natural rubber to many chemicals and swelling agents. 
Its resistance to mineral oils is noteworthy and is the basis 
for most of the practical uses of the material which have so 
far been developed. Carothers, Williams, Collins, and Kirby 
state that, after immersion for 72 hours in light machine oil 
and in kerosene, chloroprene rubber had increased in weight 
only 7 and 25 per cent, respectively, and that it had retained 
more than half its original tensile strength, whereas the 
strength of natural rubber was destroyed by such immersion 
(28). The present authors have measured the imbibition of 
a number of organic liquids by chloroprene rubber in com- 
parison with natural rubber and with synthetic rubber from 
diene hydrocarbons. The results, given in Table VI, show 
that chloroprene rubber swells much less than hydrocarbon 
rubbers in paraffin hydrocarbons, but that in an aromatic 
liquid, benzene, and (owing to the presence of chlorine in 
chloroprene) in a chlorinated hydrocarbon, carbon tetra- 
chloride, its swelling is not markedly less than that of hydro- 
carbon rubber. 
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The material designated as u-polychloroprene in Table VI 
was obtained by emulsifying chloroprene, and, after spontane- 
ous polymerization had taken place, preparing films. The 
materials designated “heat vulcanized chloroprene”’ were 
stocks containing plastic polychloroprene which had been 
vulcanized (polymerized) by heating. The vulcanized prod- 
uct shows less imbibition of organic liquids than does the 
product obtained by the direct polymerization of chloro- 
prene at room temperature. 


TaBLE VI. Swe une or SyNTHETIC RUBBERS 


[Grams of liquid imbibed by 1 gram of rubber (measurements made with 
pieces weighing about 0.1 gram 

CaRBON 

N- N- Perroutic Ben-- TETRA- 

HexaNneE Octané ETHER ZENE CHLORIDE 


Vulcanized natural rubber (in 
gum stock?) 

20 hours 1.33 1.83 1.80 .58 5.78 

4 days .33 .80 1.80 .80 .52 
u-Polychloroprened: 

1 day .16 .55 ay .03 43 
2 days 25 .58 os 3.23 5.10 
5 days .27 .55 Pe -26 .25 


Heat-vulcanized chloroprene 
rubber (stock A‘): 
20 hours .13 .28 oie .20 .53 
4 days .13 .28 aes 23 .60 


Heat-vulcanized chloroprene 
rubber (stock Bd): 
20 hours 0.15 .32 a .03 3.63 
4 days 0.16 .35 om .05 


Vulvanized methyl rubber 
(cold polymer in gum 
stock): 

1 day 
2 days 

Vulcanized methyl rubber 
(heat polymer in gum 
stock®): 

1 day ne a ; .70 
a oi 3. Rg | 

Vulcanized synthetic isoprene 
rubber (in gum stock®): 
day ae os 1.74 3.30 

2 days 1.75 3.30 


® Gum stock: rubber, 100 parte; sulfur, 3; zine oxide, 5; antioxidant, 1; 
ultra-accelerator, 1; cured 20 minutes at 110° C. The synthetic i isoprene 
rubber was made by polymerization in emulsion and was cured in the same 
gum stock for 40 minutes at 110°. 

6 Made by polymerization in emulsion; contained no compounding in- 
gredients. 

e Stock A: plastic chloroprene rubber, 100 parts; light calcined magnesia, 
10; zinc oxide, 10; antioxidant, 0.5; benzidine, 0. 5; cured 30 minutes at 
40 pases net square inch (2.8 kg. per sq. cm.). 

4 Stock similar to stock A, but with 2 parts carbon black in place of the 
1 Cured 40 minutes at 10 pounds per square inch (0.7 kg. per sq. 
cm.). 


Vulcanized polychloroprene is considerably more resistant 
to deterioration from oxidation than is vulcanized natural 
rubber. Its superiority in this respect was particularly 
marked in a test in which the stocks containing antioxidants 
(Table VI) were exposed in a stretched condition to ozonized 
air. It was also clearly marked in an accelerated aging test 
in which the two stocks were heated in oxygen under pressure 
(28). According to the opinion of one of the present authors 
(173) that the aging of rubber is essentially a gradual, pro- 
gressive overvulcanization, the greater resistance to aging: of 
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vulcanized polychloroprene is what would be expected in 
view of the smaller susceptibility, already noted, of the ma- 
terial to overvulcanization. 

No quantitative data are on record with regard to the aging 
of the direct polymer (u-polychloroprene). It would appear, 
however (28), that in the absence of antioxidants the rubber, 
while more resistant to antioxidation than hydrocarbon syn- 
thetic rubbers, is less resistant than raw natural rubber, 
since, when freely exposed to air and light, it becomes dis- 
colored and hard, especially on the surface. The tendency to 
antioxidation can be suppressed by small amounts of anti- 
oxidants. In this connection it should be noted that raw 
natural rubber contains a natural antioxidant (2/). 

Other respects in which chloroprene rubber is superior to 
natural rubber are: It is only 40 per cent as permeable to 
hydrogen and helium as natural rubber; it is resistant to 
penetration by water. 

Chloroprene rubber is inferior to natural rubber in that, 
according to tests made by the authors on the u- polymer 
prepared by polymerization in emulsion,? its tensile properties 
fall off with rise of temperature far more rapidly than do those 
of natural rubber. Data are given in Table VII. While at 
20° C. the strength of u-polychloroprene is not seriously less 
than that of natural rubber vulcanized in a gum stock, in- 
crease of the temperature to 37° seriously impairs the strength, 
and increase to 70° practically destroys it. 


TaBLeE VII. Errect or TEMPERATURE ON TENSILE PROPERTIES 
OF y-POLYCHLOROPRENE AND OF NaTURAL RUBBER 


p-POLYCHLOROPRENE NaTuRAL RvuBBER? 
Tremp. T 100 TB Es T 100 TB 
*¢. Kg. per sq. cm. % Kg. per sq. em. 
20 63.5 209 756 80.8 285 
37 24.1 92.5 806 48.5 219 
70 ie 9.8 203 36.1 106 


® Stock: rubber, 100 parts; sulfur, 35 zinc oxide, 5; antioxidant, 1; ultra- 
accelerator, 1; cured 20 minutes at 110° C. 


The authors have found chloroprene rubber to resemble 
natural rubber in exhibiting the Joule effect (171). When 
stretched, it exhibits a rise in temperature, and when a strip is 
stretched by appending a load to it and is then warmed it 
contracts longitudinally. 

The authors found the samples of vulcanized chloroprene 
rubber to be “frozen” after they had been kept undisturbed 
for one year at room temperature. A slight rise in tempera- 
ture—e. g., exposure for 3 hours to 29° but not to 25° C.— 
sufficed to remove their stiffness and restore their elastic 
properties. 


INHIBITORS AND ACCELERATORS 


The rate of polymerization of chloroprene, and to a less 
degree the character of the polymerizate, is influenced greatly 


2 Samples were kindly supplied by W. H. Carothers. 
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by the presence of many foreign materials, in some cases even 
when such are present in only minute amount. Oxygen 
has a strong catalytic effect on the polymerization (28) and, 
if present in large amount, leads to the formation of polymer 
which is like balata rather than rubber in character (28, 
181). According to Williams and Walker chloroprene which 
had been distilled several times under reduced pressure in 
nitrogen and was then protected from the air polymerized, 
when exposed to a mercury arc, at only 20 to 30 per cent of 
the rate of polymerization of chloroprene distilled at ordinary 
pressure in contact with air (181). Peroxides such as ben- 
zoyl peroxide catalyze the polymerization and cause it to 
be so vigorous as often to get out of hand (28). 

The conversion of a- to y- polymer is accelerated by zinc 
oxide, zinc salts, ferric chloride, and primary aromatic amines 
such as benzidine (28), as shown in Table VI. 

The polymerization of chloroprene to u-polychloroprene is 
inhibited by polyphenols, such as catechol, pyrogallol (28), 
and hydroquinone (157). The presence of small amounts of 
these will preserve chloroprene in a liquid condition for 12 
months or more (28, 157), although apparently they do not 
entirely prevent the conversion of some of the chloroprene 
to liquid dimers (28). Other inhibitory compounds are 
quinones, amines, mercaptans, thiophenols, and aromatic 
nitro bodies (28). Other inhibitors are copper salts, abietic 
acid, oleic acid (181). 

The conversion of the plastic polychloroprene to the vulcan- 
ized final product is inhibited by small amounts of secondary 
amines such as phenyl-§-naphthylamine, a substance used 
as an antioxidant in the rubber industry. If the a- polymer 
containing phenyl-6-naphthylamine is heated above 100° C., 
the inhibiting effect largely disappears and the conversion of 
a- to u- polymer proceeds. These facts are of great impor- 
tance in making feasible the industrial handling of chloro- 
prene rubber on lines similar to those so well established with 
natural rubber; they make it possible to preserve over a 
reasonable period the plastic polymer which corresponds 
to unvulcanized natural rubber, and at will to convert it to 
the elastic polymer which corresponds to vulcanized rubber, 
by heating it according to the usual rubber vulcanization 
technic. 

It is not improbable that important practical uses will be 
developed for chloroprene polymerized in situ, presumably 
in the presence of an antioxidant which is not an inhibitor of 
polymerization. The use of chloroprene in such a manner 
will, however, demand the application of a technic different 
from that now customary in rubber manufacture. In the 
meantime, work on the practical development of chloroprene 
rubber has apparently been chiefly inspired by the idea of 
developing methods of manufacture as similar as possible to 
those employed in the manufacture of rubber goods. In this 
connection a study of the vulcanization of plastic polychloro- 
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prene and the influence on it of a number of compounding 
ingredients made by Bridgwater and Krismann (20) may be 
noted. The material employed in their experiments was a 
commercial product consisting of plastic polychloroprene con- 
taining an antioxidant and a softener, the composition of the 
modified polymer being a-polychloroprene, 94.5 parts; phenyl- 
B-naphthylamine, 0.5; mineral oil (medium process oil), 
5. When heated alone this material gave, under optimum 
conditions (60 minutes at 141° C.), a product with a tensile 
strength of only 35 kg. per sq.cm. Such a strength is much 
lower than that (approximately 140 kg. per sq. cm.) of p- 
polychloroprene produced in one step from chloroprene (see 
section on Chloroprene Polymers). Three factors may be 
involved: (1) The presence of mineral oil. This would re- 
duce the strength, but probably to a relatively small extent 
only. It is probably only a minor factor. (2) The presence 
of a polymerization inhibitor and antioxidant. (3) The poly- 
merization of a-polychloroprene to elastic polychloroprene 
may differ in character to a greater or less degree from the 
transformation of monomeric chloroprene to the elastic 
product. Carothers, Williams, Kirby, and Collins (28) sup- 
pose that in the final stages of the polymerization of chloro- 
prene, when the product passes from the plastic to the elastic 
condition, there occurs not only an increase in molecular 
weight, but also an internal condensation due to the develop- 
ment of cross linkages in the molecule. When this stage in 
the polymerization is taking place in the presence of mono- 
meric chloroprene, it is not unreasonable to expect that the 
product will have somewhat different elastic properties from 
that obtained when, as in the vulcanization of a-polychloro- 
prene, it is taking place in the absence of the monomer. 

Although when heated alone the above-mentioned modi- 
fied polymer gives only a weak product, by incorporating in 
it magnesium oxide, zinc oxide, and litharge, especially in 
conjunction with rosin, products of good strength are ob- 
tained on heating (20). A particularly favorable combina- 
tion is one of rosin with magnesium and zinc oxides. Table 
VIII gives the results of vulcanizing the modified polymer 
in the presence of these materials. 


 @ 


TasLE VIII. Resvutts or VuuicaniziInc Mopiriep PoLYMER 
(Stock: modified plastic polymer, 100 parts; rosin, 5; magnesia, 5; sinc 
oxide, 
TIME OF 
HBATING AT 
141° C, T so TB 
Kg. per sq. cm, 


The stock is well cured after 20 minutes and is markedly 
resistant to overvulcanization. The results may be com- 
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pared with those in Table V for a stock containing an amine 
accelerator. 

The addition of 0.5 per cent sulfur to compounded stocks 
containing the modified polymer accelerates the rate of vul- 
canization and in some cases leads to scorching (prevulcaniza- 
tion) on the mill. Rosin oil and pine tar have an effect similar 
to that of rosin, but smaller. Coumarone resin is an ad- 
vantageous ingredient because it increases the tack of the 
mill stock (20); glue, because it improves the oil resistance 
(157). 


INDUSTRIAL USES 


A plant for the manufacture of chloroprene rubber has 
recently been. built by the Du Pont Company. It is now 
(April, 1933) producing about 8000 pounds a month and is 
being brought to capacity operation, estimated at 20,000 
pounds a month as quickly as possible. The product is being 
sold for $1.00 a pound. The material is employed for the 
manufacture of the following articles in which the usefulness 
of chloroprene rubber depends on its resistance to oil: gas- 
kets, oil hose, mats, valve disks, oil-resisting wire insulation, 
oil-resisting sponge to absorb vibration from motors. It is 
being tried out for coating textiles—e. g., fumigation tents for 
citrus fruits—on account of its resistance to sunlight. It is 
also being used as a bond in molded asbestos brake lining 
(157). 

Many other special uses for chloroprene rubber undoubtedly 
await development. Regarding the vulcanization of chloro- 
prene, it is interesting that plastic chloroprene wets whiting 
and clay perfectly and thus permits products of better tear 
resistance to be obtained with these ingredients than in the 
case of natural rubber. Materials such as ground leather 
and cork can be mixed with plastic polychloroprene without 
retarding vulcanization (as they do in the case of natural 
rubber). Such observations may lead to practical applica- 
tions. 

Reference has already been made to the interesting possi- 
bilities offered by the polymerization of chloroprene in situ— 
e.g., after the impregnation of various materials with it. 
Emulsified polychloroprene can be manipulated much as 
natural rubber latex and, owing to the fact that the particles 
are smaller than those in natural latex, has a better penetrat- 
ing power which may make its use practicable for certain 
purposes to which latex is not adapted (28). 
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[Reprinted from Industrial and Engineering Chemistry, Vol. 25, pages 
1042-1046, September, 1933. ] 


The Chemistry of Soft 
Rubber Vulcanization 


I. Measurement of Vulcanization 


B. S. Garvey, Jr., anp W. D. Wuirte, The B. F. 
Goodrich Company, Akron, Ohio 


For a series of rubber-sulfur compounds and 
for four commercial, high-gum accelerated com- 
pounds the changes during cure have been meas- 
ured by a series of physical tests. The change 
in combined sulfur has also been measured for 
the rubber-sulfur compounds. Experimental 
conditions haves been so controlled that all results 
are comparable. 

Based on the experimental results, a set of 
criteria has been selected with approximate 
limiting values for unvulcanized and for vul- 
canized rubber. Conditions are specified under 
which the criteria can be used to measure the 
degree of vulcanization. The selection of these 
criteria is, in effect, a definition in terms of the 
changes in physical properties which limits the 
meaning of the term “vulcanization” in a manner 
useful for the study of the phenomenon. 

The difference in the rate of change of the 
several properties is interpreted as evidence thal 
during vulcanization a mechanical structure is 
built up. 


ULCANIZATION is universally recognized as a pro- 
\) cess for improving the properties of rubber for vari- 
ous uses, generally by treatment with sulfur or sulfur 
chloride. The tests made to determine the degree of vulcan- 
ization approach in multiplicity the variety in the uses of 
rubber. 
Bruni (2) comments that there is still no satisfactory 
inethod of determining when rubber is vulcanized. Defi- 
nitions of vulcanization such as those of Weber (13), Schid- 
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rowitz (10), Kindscher (7), and Shepard (11), all specify 
treatment with sulfur or sulfur-bearing compounds. Bridg- 
water (1) defines vulcanization as a change in the physical 
state of the rubber which is accompanied by certain changes 
in physical properties. In most cases no definition is given, 
but the coefficient of vulcanization or the change in some 
physical characteristic such as solubility or tensile strength 
is used to measure the degree of vulcanization. Thus Wie- 
gand (14) considered coefficient of vulcanization, elongation 
at break, tensile strength, modulus, tensile product, and 
resilient energy in selecting optimum cure. Williams (15) 
and Dieterich and Davies (4) used plasticity measurements 
to detect scorching or incipient vulcanization. 

For a study of the chemistry of vulcanization it is necessary 
to define what phase of vulcanization is to be considered. 
Such a definition can best be made in terms of the change 
in a specified set of physical characteristics, which should as 
far as possible characterize all types of vulcanization. The 
first step in the study is an examination of the changes 
brought about by curing rubber with sulfur. 

The physical properties of vulcanized rubber depend on 
so many variables that a comparison of the results obtained 
at different times and in different places is unsatisfactory 
unless all experimental details are repdrted. In the present 
study the changes in physical properties and in combined 
sulfur for a series of rubber-sulfur compounds have been 
measured under conditions which make all of the results 
comparable. Physical testing data are also included for four 
accelerated compounds of commercial, high-gum types to 
show that the same changes take place in the presence of 
accelerators. 

The choice of the test, or tests, used to measure the degree 
of vulcanization may materially affect the conclusions to be 
drawn. Thus, as judged by tensile strength alone, we might 
conclude from the examination of a tough crude rubber, the 
same rubber after milling, and the same rubber after heating 
with sulfur that vulcanization was exactly the reverse of 
milling and that the tough crude rubber was vulcanized to 
the same degree as the milled rubber heated with sulfur. 

Experiments which will be reported elsewhere show that 
unmilled rubber, gas black, and stiffeners produce some 
effects similar to vulcanization. This makes the choice of 
a suitable set of tests for all types of stock rather compli- 
cated. At the present time a too comprehensive treatment 
seems of doubtful value. It is better to accept the necessary 
restrictions and to work within the limits imposed by them. 
In this study the limitations have been observed by estab- 
lishing the following standard procedure: 


The rubber is moderately masticated by following the mixing 
procedure of the AMERICAN CHEmicaL Society (9). The use of 
stiffeners, reclaims, and large amounts of softener or pigment, par- 
ticularly gas black, is avoided. If these precautions are ob- 
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served, the uncured batch stock is definitely unvulcanized by 
every test applied. All of the changes can then be attributed 
to vulcanization and ——— comparisons can be made be- 
tween different types of high-gum stock. 

The rubber for all the experiments reported was taken from 
one batch of selected, first latex crepe which was blended on an 
84-inch mill in the factory. All of the batches were given as 
nearly the same mechanical treatment as was possible without 
extreme precautions. In several cases good checks were ob- 
tained in duplicate batches, which shows that the errors due to 
processing were insignificant. 


After a consideration of the theoretical and practical 
aspects of the problem four types of tests were selected: 
(1) qualitative, (2) plasticity, (3) hysteresis, and (4) stress- 
strain tests. Certain of the measurements have been selected 
as being suitable for use without the others, and in the tables 
these are marked °. Discussion of the tests is based on a 
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large number of experiments, and can be verified by an 
examination of the data given in the tables and curves. 


QUALITATIVE TESTS 


Qualitative tests considered by practical rubber men to 
show characteristic differences between vulcanized and un- 
vulcanized rubber are included in this work because of their 
relation to manufacturing operation. Testing conditions 
were standardized and a semi-quantitative method of classi- 
fication developed so that the results are comparable to those 
of the other tests. Unvulcanized rubbers are put into class 0. 
With increasing degree of vulcanization the stocks are 
classified as 1, 2, 3, 4, or 5. 

The tendency of stretched rubber to freeze is measured 
in the ice water test. When unvulcanized rubber is stretched, 
immersed in ice water, and released, it does not recover as it 
does at room temperature. This is called freezing. When 
stretched frozen rubber is again warmed, it recovers. This 
test is not sensitive during the early stages of cure. In some 
cases, as with high accelerator-low sulfur stocks, the rubber 
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may seem well vulcanized by every other test and yet freeze 
badly in ice water. There are five classes based on this test. 

The hot water test measures the tendency of stretched 
rubber to break by plastic flow under the influence of heat. 
Although unvulcanized rubber breaks readily, after only a 
slight cure the samples no longer break. Thus, the test can 
distinguish only between unvulcanized rubber and rubber 
which has a definite, even if slight, cure. There are two 
classes based on this test. 

Behavior on the mill appears to give a composite measure 
of those changes which are most characteristic of vulcaniza- 
tion. The measurement, however, is not sufficiently exact 
to permit quantitative use. There are six classes based on 
the milling test. 

Solubility differences in the rubber before and efter milling 
are measured by the solubility test. The change shown here 
is largely complete in the early stages of cure. There are five 
classes based on the solubility in benzene: 


Ick Water Test. In applying this test a thin strip of stock 
was cut from the sheet and stretched almost to the limit six 
times. While stretched it was immersed in ice water for 20 
seconds and then released under water. Uncured rubber froze 
very badly and showed practically no recovery on release. 
With increasing cure there was more tendency to recover, and 
the recovery was more rapid. Finally, with the well-cured 
rubber the stock recovered just as rapidly in ice water as it did 
at room temperature. Between the two extremes were all 
gradations of freezing as indicated by the rate of recovery. By 
this test stocks can be divided into five classes from unvul- 
canized to well-vulcanized: 


Class 0. (a) Practically no recovery 
(b) Stock is too weak to test 
Class 1. Some recovery, but very slow 
Class 2. Recovery is faster than in class 1 but slower than in class 3 
Class 3. Recovery is slower than in air 
Class 4. Recovery is as fast as in air 


Hor Water Test. A thin strip of rubber was cut from the 
sheet, stretched, and held under the hot water faucet. The 
water temperature was close to 90° C. The sample was kept 
under a tension insufficient to cause a sharp break but sufficient 
to cause plastic flow. The uncured stocks flowed and broke 
under the influence of the heat. After even a slight cure, the 
stocks no longer broke: 


Class 0. Stock breaks or is too weak to test 
Class 1. Stock does not break 


Miuune Test. The milling tests were carried out on a 12-inch 
(30.5-em.) mixing mill (9). It was found that sharper differen- 
tiations could be made on a hot mill than on a cold one. Hence 
the mill was kept at temperatures between 90° and 110° C. 
The standard time for milling was 8 to 10 minutes. During 
most of this period the mill was kept tight [opening about 1/3. 
inch (0.79 mm.) or less], but toward the end it was opened wider 
and the stock sheeted thicker. At this point scorched rubber 
shows more roughness than crude rubber. According to their 
behavior on the mill the stocks were divided as follows: 


Class 0. Stock behaves like milled crude rubber; these stocks quickly 
become smooth and plastic 
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Class 1. Stock mills like tough crude rubber; these stocks are initially 
somewhat harder and rougher and take longer to break down 
and mill smoothly 

Class 2. Stock is rather hard and dry and somewhat grainy; it usually 
smooths out on longer milling, especially on a cool mill 

Class 3. Stock is rough and dry and does not smooth out satisfactorily 

Class 4. Stock crumbles somewhat but after a few minutes hangs together 
well enough to form a rough sheet 

Class 5. Stock crumbles very badly and does not sheet out even after 10 to 
15 minutes on the mill 


The standard procedure was modified in some cases for con- 
venience. Thus for soft, sticky stocks a much cooler mill was 
used. In some cases it was necessary (for reasons not con- 
nected with the investigation) to use different mills. In many 
cases it was not necessary to leave the rubber on the mill for the 
full 10 minutes, as the classification was obvious after 3 to 5 
minutes. Such variations in procedure do not affect the classi- 
fication. 

Sotusiuity Test. For the solubility test sufficient compound 
to contain one gram of rubber was cut up into thin strips and put 
into 100 cc. of benzene. It was allowed to stand for 24 hours 
with intermittent shaking by hand. Solubility was determined 
both before and after the milling test. The uncured stocks 
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were completely soluble before and after milling. With in- 
creasing times of cure, solubilities decreased, and on this basis 
the stocks could all be divided into five classes. The time of 
milling will influence solubility but within the limits used for 
the milling tests consistent results can be obtained: 
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Cuass Brrore MILLING ArteR MILLING 


0 Dissolves completely Dissolves completely 
1 Pieces lose their shape but do not 
dissolve completely Dissolves completely 
Pieces retain their shape Dissolves completely 
Pieces retain their shape A few undissolved flocs are 
present 
Pieces retain their shape Stock is swollen rather than 
dissolved 


Puasticity TESTs 


The retentivity and softness were measured on the Goodrich 
plastometer, and the plasticity was calculated from them by 
the procedure described by Karrer, Davies, and Dieterich (5). 
Determinations were made at both 30° and 100° C. The 
values are given as Ry, Rio, S30, Sico, Ps, and Pio, with the 
subscripts indicating the temperature of measurement. 
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The heating period for the sample was 30 minutes. With the 
cured sheets, strips were plied to the required thickness with the 
help of a pure gum cement, a procedure found to give satis- 
factory results. 


Changes in plasticity factors are greater and more abrupt 
at 100° than at 30° C. The major portion of all of these 
changes takes place in the early stages of cure, after which 
the change is comparatively small. As a measure of the de- 
gree of vulcanization, Rio was selected as the best of this 
group. For unvulcanized stocks it has a value consistently 
above 60. It is generally between 80 and 95 but is somewhat 
lower for lightly milled stocks. Very slight vulcanization 
lowers Ryo below 60, and at 20 the stock is still very badly 
undercured. For well-vulcanized stocks Rio is below 10, 
beyond which point further changes are comparatively in- 
significant. 

THeErRMop.asticity. The fact that the plasticity values 
at 100° dropped much more rapidly than those at 30° C. 
suggested that some expression for thermoplasticity would 
be a useful criterion. One such expression would be Pi00/Po. 
However, both factors can be low and the ratio high; so 
that it is desirable to include a factor for the actual plasticity. 
Pio seemed more sensitive to vulcanization than Py and it 
was used. The factor Pio X P100/Ps or P*i0/Ps was there- 
fore arbitrarily chosen as a measure of thermoplasticity. 
The value for P*10/Ps drops with extreme rapidity in the 
earliest stages of cure, being above 250 for unvulcanized 
stocks and below 4 after incipient vulcanization. It is below 1 
while the stock is still badly undercured. Lower values for 
this thermoplasticity factor have little significance. 

RETENTIVITY-SOFTNESS RELATION. The work of Dieterich 
and Davies (4) showed the retentivity-softness relation to be 
significant. Some results obtained by Crawford and Bra- 
mann (3) suggested the possibility that for crude rubber the 
variation in softness and retentivity with temperature is 
such that they maintain a linear relationship. Vulcanization 
should cause considerable change in the relation. If this 
view is correct, the curve obtained by plotting retentivity 
against softness at 30° and 100° C. should be characteristic. 
Figure 1 shows the softness-retentivity relation for the 
uncured rubber-sulfur stocks. 

Some variation was found both in the position and slope 
of the curve for milled crude rubbers. Within the area 
enclosed by the dotted lines, both slope and position may 
vary. Further milling causes a shift in the curves but does 
not put them outside the dotted lines. It is probable that 
part of this shift is due to inaccuracy of measurement on 
stocks of the extreme plasticity which these heavily milled 
stocks reach at 100° C. 

The change in the retentivity-softness relation due to 
vulcanization is shown in Figure 2. There is a gradual shift 
with regard to slope, position, and length as the cure pro- 
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gresses. The significant change in these curves is completed 
in the early stages of cure. This relation is particularly 
useful in differentiating tough crude rubber from scorched 
rubber and will be discussed in that connection in a subse- 
quent paper. 


Hysteresis TESTS 


The hysteresis tests were run on an autographic machine 
built for the Goodrich testing laboratory. The rate of 
stretch was 20 inches (50.8 cm.) per minute. The data were 
obtained for 300 per cent elongation. Curves were recorded 
for the first, second, and fifth cycles. The area enclosed 
by the loops was not employed, as entirely different types 
of loops enclosed the same area. The significant measure- 
ments were the set and the modulus at 300 per cent elonga- 
tion: 

The “hysteresis set” was determined by the intersection of the 
fifth loop with the elongation axis. The modulus at 300 per cent 
elongation was taken as the highest load registered in the first 
loop. The measurement of modulus from the hysteresis curve 
is more accurate than from the stress-strain curve because of 
the omg sensitivity of the machine under small loads. 

The test is not readily applied to mixed stocks before cure, 
and the results are often not significant and add very little to the 


information given by plasticity tests. Hence this test was not 
generally applied to the uncured stocks. 


The value of hysteresis set for unvulcanized stocks is 
above 150 per cent. With only a slight degree of vulcaniza- 
tion it falls below 90. With well-cured rubber it is from 10 
to 15. There is a gradual increase in the modulus at 300 
per cent elongation, with increasing cure. These measure- 
ments are especially useful for the intermediate stages of 
cure. 

Hysteresis Set/Mopvunvus. Since modulus at 300 per 
cent and set do not seem to vary at the same rates, it seemed 
probable that dividing the latter by the former would give a 
factor which would be a significant measure of the changes 
due to vulcanization. The value for unvulcanized rubber 
is above 10 (modulus in pounds per square inch) and, if 
higher values are found, it may be assumed that the degree 
of vulcanization is negligible. With only slight vulcanization 
the value falls below 2. With well-cured stocks it is below 
0.1, which is probably the limit of significance for this value. 
This factor is most useful in judging the intermediate de- 
grees of vulcanization. 


STRESS-STRAIN TESTS 


Moputuvs at 500 Per Cent ELONGATION AND ULTIMATE 
TENSILE StreneTH. The stress-strain data were obtained 
on a standard Scott machine following the procedure adopted 
by the American CHemicaL Society (9) without accurate 
temperature and humidity control. The tensile sheets were 
cured ina 6 X 8 X */s:inch (15.2 X 20.3 X 0.24 cm.) mold. 
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The modulus at 500 per cent elongation and the ultimate 
tensile strength are the measurements used. 

For the unvulcanized stocks and many of the undercured 
sheets the modulus at 500 per cent and tensile strength 
are too low to be significant. They increase very slowly 
in the intermediate stages of cure and become high only 
after the stock is rather well cured. These values are useful 
in the higher range of cures. 


DETERMINATION OF COMBINED SULFUR 


Combined sulfur was determined directly on the sample 
after 48-hour acetone extraction. All results reported are 
the average of two check determinations. For check results 
the agreement was within 0.05 where the values for combined 
sulfur were below 1.0 per cent. Above 1.0 per cent the 
agreement was within 0.2, with very few exceptions being 


within 0.1. In this paper all results have been reported as 
the coefficient of vulcanization as defined by Weber (12). 
Since all recipes have been written on the basis of 100 parts 
by weight of rubber, this coefficient can be calculated as 
follows: 


Coefficient of vulcanization = % combined sulfur found 
x total parts in recipe 
100 





Periodic determinations were made on mixed batches without 
cure to check the accuracy of the method. In most cases 
the coefficient for the uncured stocks was between 0.05 and 
0.10, although it occasionally went up to 0.15. This indicates 
that all coefficients may be approximately 0.1 too high, 
owing to experimental error and sulfur in reagents. This 
is a constant error and, since the authors are interested pri- 
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marily in comparative results, it has been considered more 
desirable to report results, as found than to correct them for 
the probable error. 

The correction of the coefficient of vulcanization for the 
acetone-insoluble. sulfur combined with nonrubber con- 
stituents, as indicated by the work of Kelly (6), would be 
too small to be significant for this work. 

The method of analysis selected for this work is a modifi- 
cation of that described by Kratz, Flower, and Coolidge (8) 
in which the extracted sample was oxidized by a mixture of 
bromine and fuming nitric acid. 


RUBBER-SULFUR COMPOUNDS 


For this work 100 parts of rubber were mixed with 0.5, 
1, 2, 3, 5, and 10 parts of sulfur, compound numbers 1 to 6. 
Sheets were cured at 142° C. (288° F.) for half-hour inter- 
vals up to 4 or 6 hours. Table I gives the complete set of 
data for the stocks with 1, 3, and 10 parts of sulfur. In 
Figures 3 to 5, coefficient of vulcanization and the physical 
properties selected as most significant are plotted against 
time of cure for the compounds with 0.5, 2, and 5 parts of 
sulfur. 

For a given stock the combined sulfur and physical proper- 
ties change progressively with time of cure. As the sulfur 
increases from one compound to the next, there is a progressive 
increase in both rate and extent of the changes. This regu- 
larity of results is both a check on the measurements and a 
confirmation of the choice of tests. 


ACCELERATED COMPOUNDS 


Compounds 7 to 10 are types of commercial high-gum 
compounds. The recipes are given below and the testing 
data are given in Table II. 


7 8 
First latex crepe First latex crepe 
Zinc oxide - Zinc oxide 


ulfur Sulfur 
Polybutyraldehyde aniline iy Tetramethylthiuram disulfide 
Mercaptobenzothiazole ; 


108. 
Cure: 15 min. at 142° C. Cure: 20 min. at 127° C. 


9 10 
First latex crepe A First latex crepe 
Zinc oxide A Zinc oxide 
fur , Sulfur 
Mercaptobenzothiazole Diorthotolylguanidine 
Tetramethylthiuram disulfide 


108. 
Cure: 20 min. at 127° C. Cure: 90 min. at 143° C. 


DIscUssION OF RESULTS 


MEASUREMENT OF VULCANIZATION. While it would be 
convenient to have a single quantitative test which could 
be applied to all types of compound as a measure of the 
degree of vulcanization, no such test has been found which 
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would be acceptable, even within the limits of compounding 
and processing used for this study. The milling test is the 
closest approach, and it is not sufficiently sensitive for 
quantitative use. A group of tests is therefore necessary. 
The use of the complete set of tests described above gives a 
good composite picture of the degree of vulcanization. In 
some cases the changes measured follow so closely the same 
trend that only one measurement need be used. The tests 
with greater sensitivity and higher precision are more de- 
pendable than the others. A comparison of the results 
obtained with many stocks indicates that a satisfactory set 
of criteria for high-gum stocks mixed according to AMERICAN 
CHEMICAL Society procedure can be based on measurements 
of plasticity (Goodrich plastometer), hysteresis, and stress- 


strain. Table III gives a summary of the selected criteria 
together with approximate limiting values for unvulcanized 
and vulcanized rubber. 


Taste IIJ. Sevecrep CRITERIA OF VULCANIZATION AND 
APPROXIMATE LIMITING VALUES 


Approx. Lim1TiInG VALUES 
e - 
Unvulcanized vulcanized 
CRITERION Txst rubber rubber 
Riee Plasticity 60 
Pi00/Ps Plasticity 250 
Set Hysteresis 150 
Set/modulus Hysteresis 10 , 
Modulus at 300%, kg./cm.? Hysteresis. 1.41 4. 
Modulus at 500%, kg./em.? — Stress-strain 1.41 70.31 
Ultimate tensile, kg. cem.? Stress-strain 1.41 351.5 


The range between these limits is available for measuring the 
degree of vulcanization. Practically all of the change in the 
plasticity factors, Rio and P*s0/Ps, takes place in the earliest 
stages of the cure. On the other hand, most of the change in 
tensile strength and modulus takes place in the later stages 
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of cure. While about half of the decrease in hysteresis set and 
set/modulus takes place early in the cure, the change through 
the intermediate cures is sufficient to give a useful measure 
in this range. 

CHANGES DURING VULCANIZATION. All of the properties 
measured change with time of cure. They do not, however, 
all vary at the same rate. Typical changes are shown in 
Figures 3 to 5. The relation between the plasticity changes 
and the tensile changes is particularly interesting. The 
former are largely complete before the latter become sig- 
nificant. The hysteresis set measurements, depending as 
they do both on plasticity and tensile characteristics, give 
values whose variation is intermediate between that of the 
other two. The great drop in thermoplasticity in the earliest 
stages of cure is remarkable. 

These results suggest the probability that during vulcani- 


zation a mechanical structure is built up. Comparatively 
small structural effects are necessary to exert a large effect 
on plasticity. The development of tensile, however, requires 
increasing strengthening of the structure. A rough illustra- 
tion would be the building of a wooden scaffold. Compara- 
tively few nails are required to hold the structure in shape. 
For strength, however, it is necessary to drive many nails 
in many places. 
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Reactions during 


Vulcanization 


Ill. The Multiple-Accelerator 
Effect’ 


H. C. Jones 
The New Jersey Zinc Company, Palmerton, Pa. 


Diphenylguanidine functions as an activator for 
mercaptobenzothiazole when the two accelerators are 
compounded in a stock deficient in fatty acids. 
Diphenylguanidine functions as an accelerator when 
compounded with mercaptobenzothiazole in a stock 
with a normal fatty acid content. 

Butyraldehyde aniline in conjunction with mer- 
captobenzothiazole behaves in the same manner as 
diphenylguanidine. Within the limits investigated, 
the amount of soluble zine available for reaction has 
a direct bearing on the ultimate tensile strength of di- 
phenylguanidine and mercaptobenzothiazole stocks. 


accelerator effect has received considerable impetus 

within the past several years owing to improvements in 
factory processing methods which permit the utilization of 
its advantages. However, the literature records very little 
of scientific interest on the phenomenon. 


T ECHNICAL interest in the two-accelerator or multiple- 


Two-AccELERATOR EFFECT 


The salient facts are well known. Perhaps the most 
common example is the combination of mercaptobenzothia- 
zole and diphenylguanidine. From Figure 1 it is evident 
that a mixture of 0.5 per cent of mercaptobenzothiazole and 
0.5 per cent of diphenylguanidine is a more effective accelera- 
tor than one per cent of either accelerator alone. The pres- 
ence of stearic acid in the mercaptobenzothiazole formula and 
its omission with diphenylguanidine is to the advantage of 
each accelerator, as will be shown later. 

1 Part I, Inp. Ena. Cuum., 23, 1467 (1931); Part II, Ibid., 24, 565 (1932). 
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Whitby and Cambron (5), in seeking an explanation for 
this phenomenon, came to the conclusion that the soaps 
formed by the reaction of the basic accelerator and the resin 
acids in rubber functioned as very active dispersing agents 
and would assist in the reaction between caoutchouc and 
sulfur during vulcanization. Although it may be that Whitby 
and Cambron’s explanation has some bearing on vulcaniza- 
tion, it obviously has definite limitations because it could 
not apply in the case of two accelerators of the acidic type, 
such as tetramethylthiuram disulfide with mercaptobenzo- 
thiazole, a combination of which shows the two-accelerator 
effect. 
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Figure 1. ComPARISON OF RATE oF CURE OF 
MERCAPTOBENZOTHIAZOLE, DIPHENYLGUANIDINE, 
AND MIXTURES OF THE Two 


FormMvuta 


Pale crepe 100 100 100 
Stearic acid cee 3. coe 
Mercaptobenzothiazole 0. 
Diphenylguanidine :- 
3. 


i. 
Zine oxide 12. 
julfur 3. 


As a result of some experimental work with the accelerator 
mixture, diphenylguanidine and mercaptobenzothiazole, a 
partial explanation of the two-accelerator effect suggests 
itself. In a stock deficient in fatty acids (contains 40 per 
cent as much fatty acid as first quality rubber) accelerated 
with 0.5 per cent of mercaptobenzothiazole, increments of 
diphenylguanidine increase the tensile strength (Figure 2A). 
When the same base stock is accelerated with 0.5 per cent of 
diphenylguanidine, and increments of mercaptobenzothiazole 
are added, the rate of cure increases as shown by the de- 
creased time to the optimum cure, despite the fatty acid de- 
ficiency of the stock (Figure 2B). Where there is a deficiency 
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in fatty acids, diphenylguanidine renders the zinc oxide effec- 
tive for the activation of the second accelerator (mercapto- 
benzothiazole), performing the same function as the fatty 
acids, if they were present. These results are in agreement 
with the observations of Sebrell and Vogt (4) that all accelera- 
tors require soluble zinc to produce the best physical proper- 
ties and that diphenylguanidine reacts directly or through 
some. sulfur reaction products to render zinc oxide soluble for 
activation. 

Three per cent of stearic acid was added to each of the series 
of stocks described above. In the first series in which mer- 
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Rubber deficient in fatty acids 100 100 
Mercaptobenzothiazole 0.5 Variable 
Diphenylguanidine Variable 0.5 
Zinc oxide 12.2 12.2 
ulfur 3.0 3.0 


captobenzothiazole was held constant at 0.5 per cent, in- 
crements of diphenylguanidine increase the rate of cure 
(Figure 3A). Likewise when corresponding amounts of mer- 
captobenzothiazole were added to the second series with 0.5 
per cent of diphenylguanidine (Figure 3B), the rate of cure 
was increased. These experiments indicate that in the pres- 
ence of fatty acids, a mixture of diphenylguanidine and mer- 
captobenzothiazole forms a new accelerator which is much 
more active than either one alone. Therefore, it is clear 
that diphenylguanidine in the presence of mercaptobenzo- 
thiazole has a dual action, functioning as an activating agent 
in the absence of fatty acids and as an accelerator when 
these materials are already present. 

Butyraldehyde aniline (Figures 4 and 5) functions in the 
same manner as diphenylguanidine when compounded with 
mercaptobenzothiazole. Since butyraldehyde aniline is a more 
powerful accelerator than diphenylguanidine, smaller amounts 
of this material were used in the accelerator mixture. 

While these results indicate that some relationship exists 
between the two-accelerator effect and the solubility of zinc 
in the compound, these conclusions are, after all, largely hy- 
pothetical and can be proved only by resorting to some system 
which allows a separation of the zinc in solution, 
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FIGuRE 3 


A. Same as Figure 2A + 3.0 parts stearic acid 
B. Same as Figure 2B + 3.0 parts stearic acid 
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Rubber deficient in fatty acid 100 100 
Mercaptobenzothiazole 0.25 Variable 
Butyraldehyde aniline Variable 0.25 
Zine oxide 12.2 12.2 
Sulfur 3.0 3.0 


EFFECT OF SOLUBLE ZINC 


Bedford and Sebrell (1), in describing the mechanism of 
vulcanization, state that zinc oxide reacts with the accelera- 
tor to form the zinc salt of that compound, which in turn 
reacts with sulfur to form polysulfides with the zinc salt 
of the accelerator. The unstable polysulfides decompose, 
liberating sulfur available for vulcanization, along with the 
reformation of the zinc salt of the accelerator. Side reac- 
tions decompose and regenerate the zine accelerator com- 
pound continually, the concentration of the zinc accelerator 
compound at any time being dependent upon the amount 
and distribution of zinc in a soluble form. Depew (2) deter- 
mined the amount of soluble zinc formed when rubber vulca- 
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nizing agents react in a low-viscosity medium. The following 
method is in many respects similar to that described by 
Depew: 


To 150 cc. of solvent (12.5 per cent methanol and 87.5 per 
cent benzene) were added the compounding ingredients along 


with 16 cc. of the solvent saturated with hydrogen sulfide. 


The 


mixture was placed in a constant-temperature bath (46° C.) for 
15 hours, after which the clear solution was filtered off and the 
residue thoroughly washed with portions of the solvent medium. 
After we of the solvents the organic material was decom- 


posed wit 


a method described by Kolthoff and Pearson (3). 


nitric and sulfuric acids and the zinc residue titrated by 


It is clear, therefore, that fatty acids improve the solution 
of zinc with mercaptobenzothiazole, but in the presence of 


diphenylguanidine they inhibit the solution of zinc. 


These 


observations are in agreement with compounding experiments 
which show increased ultimate tensile properties (Figure 6) 
when increments of stearic acid are added to 0.5 per cent mer- 
captobenzothiazole stock. Conversely, when 3 per cent of 
stearic acid is added to a stock accelerated with diphenyl- 
guanidine (Figure 7), stearic acid decidedly reduces the tensile 
properties of the compound. 

The benzene-methanol experiments in Table II explain the 
series of rubber compounds shown in Figures 2 and 3. 
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A. Same as Figure 4A + 3.0 parts stearic acid 
B. Same as Figure 4B + 3.0 parts stearic acid 
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Additions of diphenylguanidine increase the amount of zinc 
in solution (Table II, samples 1-3), indicating that the 
improvement in tensile properties in the compounds (Figure 
2A) was due to the greater amount of soluble zinc available 
for reaction. With additions of mercaptobenzothiazole to 
a constant amount of diphenylguanidine (Table II, samples 
4-6) the zinc in solution remains the same, although the 
compounds show an increase in rate of cure (Figure 2B). 
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In the presence of fatty acids (Table II, samples 7-12) the 
amount of zinc in solution is reduced in all the mixtures of 
mercaptobenzothiazole and diphenylguanidine. 


TasLeE I. Data oN BENZENE-METHANOL EXPERIMENTS 


(All samples contained 5 grams U.S. P sinc oxide and 2 grams of sulfur) 


MERCAPTO- 
BENZO- DiPpHENYL- 
SamMPLe THIAZOLE GUANIDINE Fatry Acip* Zrnc1n SOL. 


Grams Grams Grams Mg. 


2.0 xe ne None detectable 
2.0 one ‘ 1.6 
2.0 5 iss x 8.1 


* Coconut oil fatty acids 


Tasty II. Data on BENZENE-METHANOL EXPERIMENTS 


(All samples contained 5 grams U.S. P. zinc oxide and 2 grams sulfur) 


MERCAPTO- 
BENZO- DiIPHENYL- 
SamMP_LE THIAZOLE GUANIDINE Farry Acip Zinc 1n SoLn. 


Grams Gram 
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Depew (2) has suggested that an equilibrium exists between 
mercaptobenzothiazole, its zinc compound, fatty acid, and 
zinc soap, and has presented evidence to show that an 
increase in concentration of soluble zinc increases rate of 
cure. A cursory examination of the data in Figure 6 would 
indicate a violation of the mass action principle. However, a 
more detailed study of the following generally accepted rubber 
reaction will serve to show that the present data do not con- 
flict with that principle: 


ZnO + fatty acid —> zinc soap + H,0 (1) 
Zn soap + mercaptobenzothiazole == zinc mercapto- 
benzothiazole + fatty acid (2) 


Depew selected a compound with just sufficient zinc oxide to 
react with all the fatty acid so that further addition of fatty 
acid tended to displace the equilibrium to the left (reaction 2), 
resulting in a retardation in rate of cure. The compounds in 
Figure 6 had a definite excess of zinc oxide present so that the 
equilibrium reaction (2) was not disturbed by addition of fatty 
acid. In this case, the formation of additional zinc soap (re- 
action 1) balances the increased concentration of fatty acid in 
the equilibrium reaction (2). The benzene-methanol experi- 
mental data reported in Tables I and II are not comparable to 
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those published by Depew (2) since these tests were run in 
the presence of hydrogen sulfide which more nearly simu- 
lates rubber vulcanization conditions. Bedford and Sebrell 
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(1) state that hydrogen sulfide is formed during vulcaniza- 
tion by the action of sulfur on the non-rubber constituents of 
crude rubber. 
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Vol. 5, pages 371-375, November 15, 1933.] 


Determination of Rub- 
ber in Rubber-Bear- 
ing Plants 


D. SPENCE AND M. L. CaLpwe L, Carmel, Calif. 


raw and manufactured rubber has been the subject of 

extensive investigation. Search has failed to reveal 
any corresponding record covering studies applicable to rub- 
ber-bearing plants. The authors’ investigations, covering 
such methods as have been published, demonstrate their inac- 
curacy and inadequacy for practical use. There has never 
been published, as far as the authors have been able to deter- 
mine, any thorough, systematic study of the factors which 
determine the value and accuracy of any method for the 
quantitative determination of the pure caoutchouc contained 
in a given specimen of plant tissue. 

The work embodied in the present communication was 
undertaken as an essential step towards the solution of some 
of the complex problems in the production of rubber from the 
guayule shrub. Without some method for determining with 
completeness and accuracy in terms of pure caoutchouc! the 
value of any given sample it would have been fruitless to 
proceed to studies of the metabolism of the plant. The 
equally important problems in the control of commercial 
operations, both in field and factory, hinged at the outset on 
the development of an accurate means to determine the rub- 
ber content of the plant. 

The authors’ method, while primarily developed for the 
analysis of guayule, has been applied with success to the in- 
vestigation of other rubber-producing plants. The difficul- 
ties encountered and overcome in developing the method for 
guayule shrub are no different from those which will arise, 
to a greater or less extent, in the investigation of rubber- 
bearing plants in general. The authors are indebted to the 
Intercontinental Rubber Company for permission to make 
public the results of two years of intensive study of this prob- 
lem. 


[= determination of the true rubber content of both 


1 The terms “pure caoutchouc” or “‘pure rubber” used throughout refer 
to the ultimate product of analysis which not only resembles rubber in all 


its physical characteristics but also bears the empirical formula (CsHs) ,_ . 


as determined by analysis. 
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At the outset the investigation was limited to methods in- 
volving solvent extraction of the rubber from the plant tissue 
and the direct gravimetric determination of the product. 
Past experience of the senior author in this field had conclu- 
sively demonstrated inherent inaccuracies and uncertainties 
in alternative methods, such as the determination of the 
rubber as tetrabromide. 


Factors AFFECTING ACCURACY 


From the results of study of existing methods it became 
evident that the problem of the complete extraction of the rub- 
ber hydrocarbon from vegetable tissue was not nearly as simple 
as it might seem (?,3,5,6). The methods described in the 
literature (1, 7) resulted either in incomplete extraction with 
losses from one source or another, or in contamination of the 
extracted rubber by impurities present in the raw material. 
The alcohol precipitation method of Fox (1), for example, 
was found to give, with guayule shrub, films contaminated in 
some instances with as much as 25 per cent of benzene-in- 
soluble impurities. Furthermore, some of the most important 
factors affecting the accuracy of rubber determinations as 
applied to plant products have been entirely overlooked. 
Among those of major importance are: 


Respiration changes occurring in the plant tissue after harvest- 
ing and before analysis. 
he influence of colloidal, protective materials in the plant 
structure upon the extraction of the rubber. 
The effect of the type of rubber solvent used. 
The oxidation which occurs during the drying of films of ex- 
tracted rubber. 


Much attention has been directed by Hall and Goodspeed 
(2), Fox (1), and others to the influence of fine grinding of the 
sample upon the completeness of extraction. In the authors’ 
early work considerable time was devoted to an investiga- 
tion of this question. Later, however, they were able to 
show that the degree of fineness of grinding of the material 
for analysis is of relatively minor importance when account 
is taken of other factors, more particularly of the breaking 
down and removal of the protective colloids before extraction 
of the pure rubber. The finest of grinding is no substitute 
for this. 

That changes are continually going on in plant products 
after harvesting is generally recognized. In some fields these 
changes have been studied in great detail and are of the ut- 
most importance, but in the handling of rubber-bearing 
plants for analysis they have apparently been overlooked. 
Many of the anomalous results of past analyses may be 
traced, without doubt, to the failure to appreciate the extent 
of such respiration changes. 

The evolution of carbon dioxide and water vapor, with 
consequent loss of dry weight, which takes place in the ordi- 
nary course of respiration in plant products stored under 
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favorable conditions, results in fictitiously high values for the 
rubber content of the parent material. Losses of more than 
15 per cent in the dry weight of the original material have 
been found to occur in the few days elapsed between pulling 
and analysis of guayule shrub. ; 

This emphasizes the necessity for careful storage prior to 
analysis. The authors’ studies have shown that desiccation 
to less than 9 per cent moisture content or storage of the 
freshly ground material, ready for analysis, in tightly packed 
and stoppered jars, is an effective means for preventing this 
loss in weight. 

In addition to the apparent increase in rubber in the sample, 
brought about by the more or less rapid disappearance of 
materials other than rubber by decomposition in storage, 
there may be a real increase in the amount of rubber extracted 
by the published methods of analysis from shrub in which 
such changes have taken place. But this, again, is due en- 
tirely to the inadequacy of the analytical methods in use. 
These methods have not taken into account the influence of 
materials present in the plant which seriously interfere with 
the extraction of the rubber itself. The decomposition of 
these plant materials by respiration in storage facilitates the 
subsequent extraction of the rubber by solvents. 


It is obvious that if account is not taken of this fact, the rubber 
value of a sample will depend upon the time and conditions of 
storage. This was the situation found in connection with 
o—_- Years of recorded results obtained by the older 
methods of analysis tended to show consistently that the per- 


centage of rubber in the ten plant increased by storage after 
the i 


harvesting. Similarly, increase in the rubber content of 
Chrysothamnus plants during storage, reported by Hall and 
-Goodspeed (2), will undoubtedly find its true explanation in 
changes and losses in materials other than rubber brought about 
by respiration processes going on in the sample before analysis. 


The influence of other plant products (hemicellulose, pec- 
tins, proteins, etc.) within and without the cell wall upon 
the extractability of the rubber has nowhere been given suf- 
ficient consideration. Acetone extraction to remove fats, 
resins, etc., has been generally applied. But the authors’ 
studies have shown that the presence of these other materials 
has a much more profound influence upon the completeness 
of extraction than the constituents of the acetone extract. 
Mere water leaching, as suggested by Whittlesey (7), is 
entirely inadequate. A slow hydrolysis in fact occurs during 
the leaching operation, but the complete removal of water- 
soluble materials from the plant by such means is a matter 
of months and quite impossible as a practical matter. 

Very drastic treatment is required to break down those 
materials which prevent the complete extraction of the rub- 
ber itself. Much time was devoted to the study of this prob- 
lem before a satisfactory method, involving hydrolysis by 
dilute acid under steam pressure, was evolved. Even this is 
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insufficient unless followed by a thorough removal of all the 
products of hydrolysis prior to extraction of the rubber. 

The results in this connection all tend to show that the 
difficulties in the way of complete extraction of rubber from 
plants are not due, as has been at times thought, to either 
cell wall hindrance or to insoluble modifications of rubber. 
Rather it is the presence of other materials, colloidal in char- 
acter, which seems to prevent the solution of the rubber. 
This is somewhat analogous to the effect of gelatin in raw 
rubber, 10 per cent of which mechanically incorporated (by 
milling) renders raw rubber very difficult of solution in ben- 
zene. 
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Figure 1. Russer Extraction or GuayuLeE Surus 
Samples extracted with water lomo before determination of 


The choice of solvent used for rubber extraction has 
generally been left entirely open. The authors’ experience 
has proved, however, that this is a matter of no small im- 
portance. Carbon tetrachloride is a conspicuous example 
of a solvent which has been widely advertised and much 
recommended for extraction purposes in general because of 
its noninflammability. But the decomposition to which it is 
subject, in the presence of light, makes it entirely unsuitable 
for accurate quantitative work (4). Chlorination of the rub- 
ber in the process of extraction takes place accompanied by 
the formation of nonvolatile residues from the solvent itself, 
which are an even more serious source of error. The use of 
so-called pure carbon tetrachloride for extraction purposes 
over some period of time resulted in values for the authors’ 
rubber estimations which were never less than 10 and some- 
times 15 per cent too high. 

These same errors are introduced in varying degree by all 
the chlorinated hydrocarbon solvents investigated. With 
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the more stable ones, such as dichloroethane, the errors are 
reduced, but in all cases the uncertainty involved makes the 
use of a stable solvent such as benzene strongly recommended. 

The universal practice in all published methods of rubber 
determination of this class includes drying the film of ex- 
tracted rubber in the air. The error due to oxidation of the 
rubber under these conditions has been more or less ignored. 
But such thin films of rubber, being free from the protective 
agents present in the plant, are extremely susceptible to oxi- 
dation. An increase of more than 10 per cent in the weight 
of a film may easily be due to this source. 

Neither vacuum drying nor the use of inert gases offers 
a solution of the difficulty in practical routine work. The 
former is excessively slow and the latter exceedingly cumber- 
some. 
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Figure 2. RATE oF WaTER EXTRACTION OF GROUND 
GuUAYULE SHRUB 


Experience with antioxidants suggested their possible 
application to analytical practice to overcome this difficulty. 
The authors have been able to show that antioxidants of the 
proper type are very effective in preventing the oxidation of 
thin films of pure rubber obtained from plant extracts by 
their method. Very small amounts of dimethyl-p-phenylene- 
diamine, for example, are capable of protecting the rubber 
during the severest overdrying. Added in a standard benzene 
solution to the rubber extract before evaporation, this offers 
a convenient means for eliminating the oxidation error. 

It is the authors’ belief that such use of antioxidants in 
analytical procedure should be capable of wide application in 
other fields of research where organic compounds of great 
susceptibility to oxidation are encountered. 

With the foregoing major explanations the reasons for the 
various steps in the authors’ method of analysis for rubber- 
bearing plants will be at once clear. Simplification has been 
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sought wherever possible without sacrifice of accuracy, but 
in the case of guayule shrub, attempted short cuts have been 
fatal from the standpoint of complete extraction. Laborious 
fine grinding has been eliminated. An analysis may be com- 
pleted in 48 hours and in routine work two men may handle 
fifty analyses daily. 

The accuracy of the method is shown by repeated treat- 
ments of the extracted residues from the first analysis, which 
fail to show the slightest trace of residual hydrocarbon, at- 
testing the completeness of extraction; by tests on a large 
number of samples by independent workers, which have given 
results agreeing within 0.2 per cent; and by the purity of the 
extracted rubber. 

That the material extracted from the plant tissue by this 
method is pure rubber is indicated not merely by its physical 
characteristics (a colorless, transparent, elastic film) but also 
by its chemical reactivity toward sulfur, bromine, etc. The 
figures for analysis (by combustion) of the extracted films 
point clearly to a hydrocarbon of the composition (CsHs). of 
India rubber. The rather remarkable absence, in fact, of any 
appreciable amount of oxygen and the complete absence of 
nitrogen in the films of rubber obtained in daily practice from 
guayule shrub make both material and method ready means 
for the preparation of pure, protein-free rubber. 


EXPERIMENTAL 


It should be unnecessary to point out that proper precau- 
tions to insure a uniform and representative sample precede 
any analytical work. As the authors were confronted with 
sampling problems ranging from two or three irreplaceable 
plants to fields of hundreds of acres, the difficulties in this 
phase of the subject ‘were forcibly impressed upon them. 
The work involved in developing accurate methods which 
would give the true rubber content for such cases has no place 
in the present discussion. It is mentioned merely to empha- 
size the fact that with variable plant products the method of 
sampling is of equal importance with the subsequent analyti- 
cal procedure. 


PREPARATION OF SAMPLE 


Certain precautions are necessary in the handling of rubber- 
bearing plants if respiration losses are to be prevented where 
there is, for any reason, a delay between harvesting and analy- 
sis. The importance of this is well illustrated in Table I. 

The differences between the results in the last two col- 
umns of Table I represent the increase in the per cent of 
rubber resulting from the loss through respiration of non- 
rubber materials in varying amounts brought about by differ- 
ent conditions of storage. This table also shows how the 
usual methods of analysis, in which no provision is made for 
the complete removal of all colloidal materials interfering with 
the extraction of the rubber, may give real increases in the 
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Taste I. Errect or Respiration LossEs UPON THE EXTRACT- 
ABLE RUBBER IN GUAYULE SHRUB 


(5-gram samples leached with hot water and acetone, then extracted 24 
hours with benzene) 
Mots- 
Loss IN TURE 
Dry CO: Con- 
Wriesat Evotvep TENT RUBBER 
IN DURING WHEN EXTRACTED 
TREATMENT Timp oF Treat- Treat- Ana-_ Actual Original 
or SHRUB TREATMENT MENT MENT LYZED dry basis dry basis 


Days % % % % % 
Analyzed immedi- None None None 39.5 F 
ately 


9.2 
9.2 
Same, chopped 4.7 Not 42.4 1.0 
paste kept in deter- 1.4 
ask covered mined 1.4 
with watch glass 

at room tempera- 

ture 


Chopped plants 
kept in flask at 
40° C. and slow 
current of moist 
air passed 
through 


Finely ground 
shrub kept in 
open at room 
temperature 


Same packed 
tightly > pase 
pee oe ottle 


and kept at room 
temperature 
Finely ground 
shrub, vacuum 
dried, kept in 
open jar at room 
temperature 
@ After correction for loss in dry weight. 


amount of rubber extracted from shrub stored prior to analy- 
sis. These increases are a function of the respiration changes 
as measured by the loss in dry weight of the samples. When 
such elimination of extraction-inhibiting materials is provided 
for in the method of analysis, no increase in rubber is ob- 
tained by aging, as shown by Table II. 

The increasing amounts of rubber extracted from samples 
of increasing fineness by the usual published methods of 
analysis are shown by Table III. 

Even with the finest grinding practicable with guayule 
shrub, more and more rubber may be removed by increasing 
the time of extraction, as is clearly brought out by Figure 1. 
But such extremes of fine grinding are unnecessary when the 
proper analytical procedure, involving hydrolysis, is followed, 
as demonstrated by Table III. Moreover, owing to the high 
rubber content of guayule shrub, extremely fine grinding is 
impractical because of the tendency of the rubber to agglomer- 
ate under mechanical working. For this reason a fineness of 
about 14 mesh which gives a uniform sample has been adopted. 
With other plants of lower rubber content, the hydrolysis 
process will eliminate the tedious grinding to 100 mesh or 
more which has been recommended. 
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TaBie II. Comparative Errect or RESPIRATION AND STEAM 
Hypro.tysis IN INCREASING THE EXTRACTABILITY OF RUBBER 
FROM GUAYULE SHRUB 


Loss or 
Dry Extractep RusBER 
TREATMENT OF Weicat' Actual Original 
SaMPLE BEFORB METHOD oF I dry 
ANALYSIS ANALYSIS TREATMENT basis basis 


% 
Analyzed at once Water, acetone, None . 10. 
and benzene : 
: extraction 
Same; _ chopped Same 5.1 
plants incubated 
at 40° C. in satu- 
rated atmosphere 
with slow current 
of air for 7 days. 
Analyzed at once Hydrolyzed by 
‘ steaming 3 
hours at 30 
lbs. pressure, 
then extracted 
as above 
Incubated 7 days at Same 
40° C. in slow 
current of satu- 
rated air 
Same, except hy- Same, except in- 
ae before cubated be- 
incubation tween hy- 
drolysis and 
extraction 


TaBie III. Errect or FINENESS OF GRINDING UPON THE Ex- 
TRACTION OF RUBBER FROM GUAYULE SHRUB 
(5-gram samples leached with hot water and acetone, then extracted with 
benzene for 24 hours) 


BenzenB Extract 
(Per cent of dry weight 
of shrub) 
Ff Acid hydroly- 
Without sis under steam 
FINENESS OF GRINDING hydrolysis pressure 


Coarse. Slivers about 9.5 mm. long ranging 10.1 14.5 
down to pieces 1.6 mm., with many lumps. 10.7 14.4 


Medium. A few slivers 6.4 mm. long but 11.9 14.2 
most pieces about 3.2 mm. ranging down to 12.3 14.3 
some very fines. (All pass 14 mesh.) No 
lumps. 


Fine. A very few slivers 3.2 mm. long but P 14.1 
most pass 30 mesh. Some lumps of rubber. z 14.3 


Regrinding. Residue from fine grinding : None 
above; reground after first analysis until s 
passes 50 mesh. 
Total for fine sample, reground, average J 14.2 


REMOVAL OF COLLOIDAL PROTECTIVE MATERIALS 


It has already been pointed out that drastic treatment is 
necessary to insure the complete breaking down and removal 
of materials which otherwise interfere with the accuracy and 
completeness of the rubber extraction. The slow hydrolysis 
which goes on in the ordinary water-leaching of guayule 
shrub is shown in Figure 2. The relationship between the 
removal of materials which are water-soluble or which may 
be rendered so and the rubber extracted is brought out by 


Table TV, 
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TaBLeE IV. RELATION BETWEEN WATER-SOLUBLE MATSRIAL 
REMOVED AND RUBBER EXTRACTABLE FROM GUAYULE SHRUB 


(Acetone extraction 12 hours, benzene extraction 24 hours) 
Water-Souv- 
BLE Mats- 
2 Rn- 
Mersop or REMOVING OVED AcrTons BENZENE 
Warter-SoLusLe MaTEeRIAL (By Sisenee) Extract Extract 
% % % 
2 hours’ leach with water at 60° C. 6.2 ‘ 
3 hours of steaming at 30 Ibs. pres- 23.1 
sure (2.1 kg. per sq. cm.) followed 
by leaching as above 


Steaming as with preceding sample, 30.7 
eee by 6 hours of leaching at 


Same as preceding, except 1% sul- 49.4 
furic acid used for leaching 


All results based on dry weight of sample 


Some of the studies made to determine the optimum condi- 
tions of acid concentration, and time and temperature of 
steaming required for complete rubber extraction are shown 
in Tables V and VI. It was from such results as these that 
3 hours of boiling with 1 per cent sulfuric acid followed by 3 
hours of steaming at 122° C. was adopted for the hydrolysis 
treatment in the final method. 


Taste V. Errect or Actp CoNCENTRATION AND TIME IN THE 
Hypro.ysis oF GUAYULE SHRUB Prior TO RUBBER EXTRACTION 


(All samples steamed 6 hours at 30 pounds per sq. in. pressure (2.1 kg. per 
sq. cm.) after acid treatment and then extract “with hot water 3 hours, 
acetone 12 hours, and benzene 24 hours) 

CoNcCENTRATION Timm OF RusserR ExtTRactsp 

or SuLFuRic Bo1Line (Based on dry weight of 
Actp with AcIp sample) 
% Hours % 
None None 8.31-8.74 
0.5 9.44-9.47 
0.5 6 10.04-10.11 


9.81-9.99 
10.63-10.85 
10.76-10.90 
10.75-10.88 


10.01-10.53 
10.62-10.90 
10.77-10.95 


10.58-10.76 
10.70-10.92 
10.68-10.82 


Woo NNN Bee 
ooo ooo oooo 
QO AW Awhre 


That the complete removal of such materials after they 
have been rendered water-soluble is absolutely necessary for 
complete rubber extraction is illustrated by Table VII. 
Clearly it is not only the hydrolysis which is important but 
the removal of materials which interfere with the extraction 
of the rubber. This has been provided for in the analytical 
method finally adopted by 3 hours of leaching with hot water 
after hydrolysis. 
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Tasie VI. Errect or TIME AND TEMPERATURE OF STEAMING 
ON EXTRACTABILITY OF RUBBER FROM GUAYULE SHFUB 


(All samples treated with boiling 1 per cent sulfuric acid for 3 hours before 
steaming and after steaming extracted with hot water 3 hours, acetone 12 
hours, and benzene 24 hours) 

TEMPERATURE TIME OF RussBeR EXTRACTED 
or STEAMING Steaminae (Based on dry weight of sample) 

a. Hours 


ose None 
98 


11.6-11.6 
11.4-11.5 
11,2-11.4 
11.4-11.5 


Ce Aw Aww NwWOMDW 


TasLe VII. Errect or PRESENCE OF WATER-SOLUBLE Ma- 
TERIALS UPON em oF RUBBER FROM GUAYULE 
HRUB 


(All samples extracted 12 hours with acetone and 24 hours with benzene) 


RusBeR ExTRACTED DiFFrEeRENCB 
(Based on dry weight of sample) _ Dux To 
TREATMENT After leaching Without REMovat or 
or 3 hours with water WatTER- 
SamPLzes hot water leach So.uBizs 


% % 
No hydrolysis : ‘ 8.0-8.3 1 
Steam hydrolysis 3 * 8.6-8.4 10 


CHOICE OF RUBBER SOLVENT 


The error introduced by the use of such solvents as carbon 
tetrachloride may be clearly seen from Table VIII. 

In the decomposition of carbon tetrachloride which takes 
place in the light in the presence of air the odor of carbonyl 
chloride was detected. The chlorination of the rubber pro- 
duced by the more stable dichloroethane clearly indicates 
the advisability of using benzene as a solvent for accurate 
quantitative work unless the determinations are carried out 
in the dark. 


PREVENTION OF OXIDATION 


The importance of protecting the rubber after extraction 
against oxidation, during drying, in preparation for weighing 
has been emphasized. The extent of the error introduced by 
the usual air-drying is shown by Table IX which also illus- 
trates the way in which dimethyl-p-phenylenediamine may 
be used to overcome this difficulty. Details of procedure 
adopted to this end are to be found in the description of the 
method given below. 


Accuracy oF MetTHop 


The two criteria of accuracy in the determination of the 
true rubber value of a plant product are both met by the 





TaBLE VIII. Errect or SoLvENT ON THE RUBBER VALUES OF GUAYULE SHRUB 


(All samples boiled 3 hours with 1 per cent sulfuric acid and steamed 3 hours at 30 pounds per sq. in. (2.1 kg. per sq. cm.) pressure, then extracted with 
hot water 3 hours, acetone 12 hours, rubber solvent 24 hours) 


Russer Extract 
Weicxst or Resipvuz (Based on dry weight of 
FROM SOLVENT shrub sample) 
Sotvent Usep ToTaL (Determined in blank) CHLORINE IN Corrected 


(150 cc. in METHOD oF WEIGHT or Before After RUBBER No for residue 
each case) EXTRACTION Extract extn. extn. (APPROX.) corrections from solvent 


Mg. Mg. % 
Carbon tetrachloride In the dark 000 000 11.2 
(purified) 11.5 
Same In diffused light 000 19 é 11.2 


Same In direct sunlight 000 42 
Same, except crude In dark 30 30 
from reagent bottle 
Same In diffused light 30 39 
Same In direct sunlight 82 
estimated 
Dichloroethane In diffused light 0.21 


(from reagent bottle) 0.23 
Benzene (c. P.) In diffused light 0.0 
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TaBLeE IX. OximpaTIon or RvusBBER FitMs DURING DRYING 


(All samples obtained by standard acid hydrolysis and steaming treatment 
of guayule shrub followed by — with hot water, acetone, and 
enzene 


Timp or DryiIna 
% HOURS 48 HOURS 
Extraction : Extraction 
Weight (Based on Weight (Based on 
Mersop or DryiIne of film dry shrub) of film dry shrub) 
Mg. % Mg. % 
In flask open to air in 674 15.0 701 15.6 
oven at 105° C. 676 15.0 705 15.7 


In closed flasks through 629 14.0 634 14.1 
which current of nitro- 637 14.1 639 14.2 
gen at 105° C. was 
pai 


In flask open to air in 628 14.0 631 14.1 
oven at 105° C. but in 632 14.1 638 14.2 
presence of 7 mg. of di- 
methyl - p - phenylene 
diamine. (Results cor- 
rected as determined in 
blank) 


present method. First, the extraction of the rubber is com- 
plete as evidenced by the failure of repeated treatments, 
even after regrinding of the sample to a fine mesh, to remove 
the slightest trace of additional rubber. This is to be con- 
trasted with the results obtained with the usual methods 
which do not include hydrolysis treatment as shown in Figure 
land Table III. Second, the rubber extracted and weighed in 
the final determination is entirely free from impurities. The 
unusually good agreement between the carbon and hydrogen 
values for the rubber extracted by this method from guayule 
shrub (when dried in nitrogen), with the theoretical values for 
C;Hg, is shown by Table X. In addition, qualitative tests 
gave negative results for nitrogen, sulfur (thought possible as 
a result of the acid hydrolysis treatment), and ash. 


TaBLE X. ComBusTION oF RuBBER OBTAINED FROM GUAYULE 
Sarvs sy Acip Hyprotysis, STEAMING AND EXTRACTION WITH 
BENZENE 


(Rubber films dried in a current of pure dry nitrogen) 
CARBON HyYpRoGEN TOTAL 
% % % 
Theory (CsHs) 88.22 11.78 100.0 


Sample A 88.00 
Sample B 88.09 
Sample C 88.15 


DESCRIPTION OF METHOD 


The following is a detailed description of the method as 
finally adopted for the routine handling of as many as fifty 
samples a day of guayule shrub by two experienced opera- 
tors: 


PREPARATION OF SAMPLE. The plants to be analyzed, washed 
free of adhering soil, are first coarsely crushed by two passes 
through corrugated differential laboratory mill rolls set up as 
tightly as possible. This material is then ground successively 
with a Universal grinder and a corn mill. (Made by Landers, 
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Frary, and Clark, New Britain, Conn. The use of an attrition- 
type mill operated with a reciprocating motion for the finer stages 
of grinding has proved effective in preventing the agglomeration 
of the rubber in guayule shrub.) After each stage of grinding 
the shrub is thoroughly mixed and quartered by means of Jones 
ore samplers of various sizes. The final quarter is divided into 
two lots of a little more than 5 grams each and one lot of approxi- 
mately 10 grams. The remaining shrub is preserved, packed 
tightly in an airtight glass jar, in case of emergency. 

Duplicate 5-gram samples are then weighed out on the analyti- 
cal balance from the small samples divided out with the sampler. 
These are transferred to Coors porcelain extraction thimbles, 
which for convenience are 22 mm. in diameter by 70 mm. high, 
inside measurements, with 2-mm. perforations in the bottom. 
A thin layer of wool batting is placed below and above the shrub 
to prevent loss. 

he moisture content of the sample is determined at the same 
ay by vacuum-drying the 10-gram sample at 110° C. in a Petri 
sh. 

REMOVAL OF WATER-SOLUBLES. The samples in the porcelain 
thimbles are boiled in a 1 per cent solution of sulfuric acid for 
3 hours. For this operation it has been found convenient to use 
a monel metal bath provided with a water-sealed lid and water- 
cooled condenser outlet to maintain the acid concentration. A 
punched plate is employed to hold the thimbles upright on a 
monel metal screen. After 3 hours the samples, still saturated 
with acid, are transferred, along with the supporting tray, to an 
autoclave where they are steamed for 3 hours at 30 pounds per 
sq. in. (2.1 kg. per sq. cm.) pressure. 

For the subsequent operation of leaching to remove the ma- 


terials rendered water-soluble by the preceding treatments, a 
co - bath has been found convenient in which the thimbles are 
held upright by holes in the lid and are geo on & wire 


screen 4 cm. from the bottom. Water at 60° C. from a storage- 
a electric water heater is run through each thimble individu- 

y in a slow stream. Three hours of leaching are sufficient 
completely to remove all water-soluble materials. The amount 
of material thus removed can be determined quantitatively with 
fair accuracy, by difference, by weighing the thimbles before 
and after the completed analysis. 


Acetone Extraction. After water-leaching, the thimbles 
are immediately placed in siphon cups of the Underwriters’ 
Laboratories type and are extracted for 12 hours (on an electric 
hot plate) using about 150 cc. of acetone. If the water-solubles 
are to be determined, as above, this extraction must, of course, 
be made in a tared flask. 


EXTRACTION OF Russer. The acetone left in the sample from 
the preceding operation is first removed by heating the thimbles 
in the vacuum oven for about half an hour. The rubber is then 
extracted with 150 cc. of benzene in the usual way. At least 16 
hours are required for this operation. 


Dryinc or Rupser. The benzene extract of the shrub is 
evaporated, dried, and weighed in the same tared flask used for 
the extraction. Before evaporation 5 cc. of a 0.1 per cent solu- 
tion of dimethyl-p-phenylenediamine in benzene is bo sno into 
the rubber solution. A correction, based upon a blank determina- 
tion, is made for this material in calculation of the results. 
The rubber solution is evaporated on a water bath and then dried 
to constant weight in a Freas oven at 105°C. Overnight — 
has been found very convenient for this last step. The flas 
is finally weighed to three decimal figures. Accuracy to three 
significant fi in the final result — as a percentage of 
the dry weight of the sample has been found sufficient for all pur- 


p poses. 
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New Machinefor Labo- 
ratory Evaluation of 
Fatigue of Rubber 

Compounds F lexed 
under Com- 
pression 


LEs.tiE V. Cooper 


The Firestone Tire and Rubber Company, Akron, Ohio 


HE failure of rubber compounds to resist fatigue when 
subjected to flexing under compression, or their tend- 
ency to “blow-out,” has always been a serious prob- 

lem, and is becoming an even greater limiting factor in all 
phases of rubber technology. A new machine has been de- 
veloped recently in the laboratories of The Firestone Tire 
and Rubber Company for the measurement of fatigue re- 
sistance of rubber compounds. 

Previous machines of this type have usually been large 
wheels or drums on which whole tires have been run to de- 
struction. The laboratory machines have not been very 
numerous or very successful. The Schopper detrition tester 
(2) is a laboratory machine for testing the fatigue and abrasion 
resistance of rubber stocks in the shape of small balls. Ab- 
bott (1) obtained blow-outs in his laboratory work on testing 
rubber used to absorb vibration. Many suggestions have 
been advanced as to how correct laboratory evaluation of 
fatigue resistance might be accomplished. The design 
finally adopted (Figure 1) was made up by Raymond W. Allen, 
of the Firestone engineering staff, in whose name the patent 
application on this Flexometer has been made. 

A photograph of the instrument is shown in Figure 2. 
The Flexometer is definitely a laboratory testing device, 
but is sufficiently rugged to withstand hard and continu- 
ous service. The operation of the machine simply consists 
of compressing, under definite load, a block of rubber be- 
tween two plates, one of which is stationary and the other 
travels in a circular motion of definite magnitude. The plate 
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oscillates 800 times per minute, this speed being constant 
under all conditions. Both the loading and the magnitude 
of the circular motion may be varied widely. The machine 
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Figure 1. Dr1aGRamM OF FLEXOMETER 


\ 
has almost unlimited possibilities in evaluating stocks, since 
the working conditions in any compression service may be 
simulated. 


The laboratory test block used is in the shape of a frustum 
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of a rectangular pyramid, of which the base is 2.125 x 1.125 
inches (5.40 X 2.86 cm.); the top, 2 X 1 inches (5.08 x 
2.54 cm.); and the altitude, 1.50 inches (3.81 cm.). This 
tapered shape was selected so that perfect blocks could be 
prepared from any type of stock. Those with high zinc 
oxide content, for example, are very brittle while hot. If 
the test blocks of such stocks have any tendency to adhere, 
they may be ruined in stripping from the mold. Test blocks 
of cured articles may be cut into any size and shape, pro- 
vided their height is not more than 2 inches, as this is the 








Figure 2. PHoToGrRAPH SHOWING 
FLEXOMETER 


maximum distance between plates. The tapered block is 
used only when the test sample must be cured in the labora- 


tory. 


PROCEDURE 


After the test blocks have been made, the procedure for 
use of the machine is as follows: 

(1) The oscillating plate is set on dead center and brought 
to a definite starting temperature. 

(2) The test block is placed on the oscillating plate, di- 
rectly under the loading plate. Each of these plates has a 
center inset of wood, 3 inches (7.62 cm.) in diameter and 
0.50 inch (1.27 cm.) thick, and the rubber test block is 
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placed between the wooden blocks. The latter act as heat 
insulators, and tend to hold all generated heat in the test 
block. 

(3) The load is applied to the block by turning the hand 
wheel on top until the load is carried by the block and not 
by the thrust bearing on the wheel. 

(4) The height of the block after applying the load is 
then measured, and the deflection is calculated. 

(5) The oscillating plate is set the desired amount off 
center, distorting the test block so that it resembles the frus- 
tum of a sloping rectangular pyramid. The diameter of the 
circle described by the lower plate while in motion is de- 
signated as the “throw.” 

(6) The electrical bell-ringing contacts are adjusted so 
that they are a definite distance apart. This initial contact 
opening is called “signal distance.” As the block is deflected 
under the testing conditions, the upper contact is carried 
downward toward the lower contact, because the load, which 
is a dead weight, continues to rest on the yielding block. 
This downward movement has been found by many tests 
to be a definite criterion of the condition of the center of 
the block. In other words, all blocks of similar composition 
have yielded the same distance, or signal distance, at the 
time porosity began. Should the test be continued suffi- 
ciently long, the block will actually blow-out, or shatter to 
pieces, and it is to prevent this actual destruction that the 
yield distance of slight porosity is used. 

(7) The duration of the test, which is now ready to be 
started, is measured from the time the circular motion is 
started until the bell rings. The bell does not ring until the 
test block has been deformed sufficiently to allow the elec- 
trical contacts to close. 


Tasie I. Specrat Stocks Usep 1n Tests 


Srocx A B Cc D 
Smoked sheet 100 100 100 100 1 1 
§ 3 3 3 3 


ulfur 5 
D. O. T. G. 1.5 1.5 1.5 1.5 5 
Channel black 8 36 36 36 3 
Pine tar 1 1 5 xe 
Mineral rubber hia Sie — 5 ca 
Zinc oxide No. 1 180 90 90 90 90 cas 
Zinc oxide No. 2 ee OF ea Neer a 
Cure, 60 and 80 minutes at 290° F. (143.3° C.) on regular taper blocks. 
Testing conditions: load, 550 pounds (249.5 kg.); throw, 0.55 inch (14 
mm.); signal, 0.300 inch (7.60 mm.) 





The operation evaluates resistance to blow-out. Tempera- 
ture rise data or heat generation measurements may also be 
made by inserting thermocouples and taking temperature 
measurements after a certain amount of work has been done 
on the block. 

One man can operate at least five of these machines ef- 
ficiently, or if an automatic stop is installed, one machine 
can be operated without seriously interfering with other work 
the operator may be doing. 
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Taste II. Data OBTAINED WITH FLEXOMETER 


Strocx 
60- HarpNEss TIME UNTIL ConDITION OF 
minute 3-Pounp Basu STock AFTER 
cure PENETROMETER DEFLECTION Rana Trst 
0.001 in.® 


Slightly porous 
Porous 

Porous 

Porous 

Porous split 
Slightly porous 


Slightly porous 
Porous 

Porous 

Porous 

Porous split 
Slightly porous 


Equivalent to 0.00254 cm. 


Care should be taken that only well-molded blocks are | 
used and that the machine is correctly set each time. If 
these two precautions are taken, consistent results will be 
obtained. The machine is not intricate in design or move- 
ment, yet it can readily be used for a wide variety of tests. 


RESULTS 


As an example of the results obtained on this machine, six 
special stocks were mixed and tested. Their formulas and 


the data obtained are given in Tables I and IT. 
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(1) Abbott, Inv. Ene. CueM., 20, 853-7 (1928). 


(2) Schopper, Louis, Catalog 415, p. 25, Leipzig, Germany; American 
Agent, Testing Machines, Inc., New York, N. Y. 








[Reprinted from Transactions of the Institution of the Rubber Industry, Vol. 9, No. 2, pages 123-129, 
August, 1933.] 


A Multi-form Plastometer 


G. D. Lefcaditis 


DEPARTMENT OF CHEMISTRY AND RUBBER TECHNOLOGY, NORTHERN POLYTECHNIC, LONDON 


The methods of measuring plasticity are usually divided into two classes, that 
applying the principle of extrusion, and that based on compression. 

There is no considerable difference between methods based on extrusion. The 
compression methods, however, have been subdivided into categories, such as 
constant volume of tested material and hence decreasing pressure, or constant area 
and pressure, etc. 

It is not the object of the present article to enter into a critical discussion of the 
theories underlying the various methods. Such attempts are numerous in recent 
publications. (Griffiths, Trans. Inst. Rubber Ind., 1, 308 (1925); Martin, Jbid., 
6, 298 (1930); De France, Ind. Eng. Chem., 23, 824 (1931); Scott, Trans. Inst. 
Rubber Ind., 7, 169 (1931); Behre, Kautschuk, 8, 2 (1932). 

If reproduction of figures given in the literature is desired, it is necessary to 
possess the particular modified plastometer by which the figures in question have 
been obtained. 

The compression plastometers being probably the most extensively used nowa- 
days, it was thought that an instrument could be designed which would incorporate 
the various modifications of the compression plastometer, thus obviating the need 
for several instruments. In this paper such an instrument is described. An addi- 
tional feature is a revolving disc, which is of convenience in preheating the test 
samples. 


Description of the Plastometer 


The instrument (Fig. 1) consists essentially of a system of two horizontal parallel 
plates, one of which can be moved in a vertical direction. The distance between 
the plates at any position can be measured by a dial gage, which reads in 0.01 mm., 
and has a travel of 25 mm. 

As upper plate, either the large area plate 2 (Fig. 1) can be used, which is fixed 
to the rod 4, or the small plate 8, having an area of 1 sq. cem., and which can be 
drawn from a recess in the large plate. When not in use, the face of the small plate 
is flush with the face of the large plate. 

Some accessories are occasionally used with the instrument to reproduce the 
requirements of the varrous types of plastometer. These include a plate with a 
platform of 1 sq. cm. area, one flat plate 7 mm. thick, two cones topped with steel 
balls, a small split cylinder, etc. 

Part of the weight of the inner rod 5 is counterbalanced, whenever necessary, by 
a small adjustable weight on the lever 13, the latter being used at the same time to 
lift the rod 5. 

Various loads can be applied on the main rod 4 by placing weights on the plate 10, 
and if required, the load on the inner rod 5 can be altered by placing small weights 
on the plate 14. 

The instrument thus described can be used as: (1) Williams plastometer, (2) 
Van Rossem (Delft Institute) modification, (3) Goodrich plastometer, as devised 
by Karrer, Davies, and Dietrich, (4) Pusey-Jones plastometer, and (5) plunger 
type dial gage, with any desired pressure of the plunger per unit area. 
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Base, resting on level- 
ing screws 
iy . Large upper plate 
; Center support 


Hollow sliding rod 


Inner sliding rod, con- 
nected with microm- 
eter 


Bearing of hollow rod 
Micrometer 


Small plate 1 sq. cm. 
area 
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11. Inner rod bearings 
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13. Lever (with counter- 
5) balance weight) for 
12. 1 lifting inner rod 
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Figure 1 
17. Set screw for the inner rod 20. Small cones ending in steel balls '/s 
18. Auxiliary bottom plate with platform in. and !/4 in. diameter 


1 sq. cm, 21. Split cylinder (intercepting piece) 
19. Auxiliary bottom plate 7 mm. thick 


The method of assembling the accessories for obtaining any of these types is given 
on page 132. It is necessary that the weight of the moving parts of the instrument 
be known, so that the additional weights, required to give a certain load, can be 
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computed. Once this has been done, altering the assembling does not take more 
than a few minutes. 

For most uses, the instrument is placed inside an oven having temperature regu- 
lator and a glass window for purposes of observation. 


Compression Methods of Measuring Plasticity and Their Performance by the 
Instrument Described 


General.—A piece of rubber, preheated at the temperature of the test, is placed 
between two plates, and compressed by a definite weight. Plasticity is measured 
by the deformation after a certain time, or the time elapsing between two stages of 
deformation, or one of these elements and the recovery after a time from release of 
the load. 

Preheating the Samples.—Samples are heated for a certain length of time prior to 
placing them between the plates, and this is done by keeping a definite number of 
samples in the oven. Each time one heated sample is taken, a cold one is inserted. 
If a preheating of 15 minutes, for example, is specified, and the cycle of the measure- 
ment operations is 3 minutes, obviously five samples are to be stored in the oven at 
all times. 

To avoid confusion, preheating can easily be done on the revolving disc illustrated 
to the right in Fig. 2, the use of which needs little explanation. The samples are 
placed near each other in cavities around the disc. Each time the sample in front 
of the operator is taken, a cold one is put at the other end of the row, and the disc is 
revolved to bring the next heated sample in front. 

(1) Williams Plastometer.—A sample of definite volume is compressed between 
two large area plates. 

Assembling: Plate 8 is drawn in the recess of plate 2, and fastened by screw 17. 
The detachable plate 19 is placed on base 1. Weights are put on plate 10 to bring 
the total weight of the sliding system to 5 kilograms. 

(a) Williams’ Method.—A spherical rubber sample of 2 cc. volume is placed 
between the large plates, and load of 5 kg. is applied on it. After a time, usually 
3 minutes, the thickness of the rubber is read. A measure of plasticity is index K, 
in the following equation: 


K = yx" 


where y is the thickness of the sample in mm. after compression, z the time in 
minutes, and » a constant. 

(b) Alternative Methods—The value of the Williams’ equation has repeatedly 
been disputed, and therefore in many laboratories it is considered simpler and 
satisfactory for most purposes to take as “plasticity” the thickness of the 2 cc. 
rubber pellet, after 3 or 5 minutes’ compression. Apart from this figure, another 
known as “recovery” is frequently given, and represents the percentage increase in 
thickness over the reading of the plastometer, after the sample is removed from the 
oven and kept at ordinary temperature for one minute. This thickness is measured 
with an ordinary plunger type micrometer. 

Most operators, when using the Williams’ plastometer, place the rubber pellet 
between holland paper, the thickness of which is to be subtracted from the readings. 
The use of ferroplate, for this purpose, has also been suggested. 

The effect on the results of dusting the samples with various powders has been 
discussed in the literature. (Garner, India Rubber J.,78, 20 (1929); Karrer, Davies, 
Dietrich, Ind. Eng. Chem., Anal. Ed., 2, 96 (1930); Martin, Trans. Inst. Rubber Ind., 
6, 298 (1930).) 
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Another way of using the Williams’ plastometer, is to take as a measure of plas- 
ticity the time, in minutes, which elapses between two, arbitrarily determined 
thicknesses. (Martin, loc. cit., Garner, loc. cit.) 

(2) Delft Rubber Institute Form. A rubber disc is compressed between two 
plates, one of which has an area of 1 sq. cm. 

Assembling: The arrangement given for the Williams’ form is suitable, with the 
only difference that on the flat bottom plate 1 the platform-plate 18 is placed. 





Figure 2 


Method.—A sheet of rubber larger than 1 sq. cm. in area, and about 2 mm. in 
thickness is inserted between the plates and compressed by a load of 5 kg. The 
thickness of the sheet after 10 minutes is taken to represent the plasticity. 

When first applying the load, careful handling is recommended to avoid impact 
effects. The test is usually carried out at 70°C. It was found that within limits, 
the thickness after 10 minutes is independent of the initial thickness of the sample. 
Furthermore, by expressing plasticity according to this method the figures obtained 
on masticated rubber are not affected by the length of storing the sample after 
milling. (van Rossen, van der Meijden, Rubber Chem. & Tech., 1, 353 (1928); de 
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Visser, The Calender Effect and the Shrinking Effect of Unvulcanized Rubber, 1926, 
p. 79.) 

(3) Goodrich Plastometer (known also as modified Goodrich plastometer.—See 
Karrer, Davies, Dietrich, Ind. Eng. Chem., Anal Ed., 2, 96 (1930)). 

A rubber cylinder of definite size is placed between two plates of 1 sq. cm. area 
each and compressed by a load. Plasticity is measured from the extent of def- 
ormation of the material and the capability of retaining it. 

Assembling: Platform plate 18 is placed on base 1. Screw 17 is loosened to set 
rod 5 free. Split cylinder 21 is inserted on top of plate 8 to keep it distant from 
plate 2: Adjustable weight is placed on lever 13 to partially counterbalance the 
weight of the inner rod, etc., so that the active weight of the latter is about 30 
grams. Weights are placed on shoulder 10 to bring the total weight of the hollow 
rod, etc., up to 907 gr. (2 lb.). 

Method.—The test-piece is a right circular cylinder 1 sq. cm. in cross section area 
and 1.13 cm. high. Such pieces are cut by a special apparatus. (See Karrer, 
Davies, Dietrich, loc. cit.; or a simpler model, Usherwood, Trans. Inst. Rubber Ind., 
8, 270 (1932).) After cutting the piece is washed with water and dusted with 
soapstone. The hollow rod is fixed in its upper position. The test-piece is inserted 
centrally between the platform and the small upper plate. In this position the 
initial height (Ao) is taken on the dial gage while the sample is slightly pressed by 
the small plate. Then the hollow rod is lowered and the sample compressed. 
After a period of 30 seconds the height is taken (h;). The deformation in this time 
is ho~h;. Just after the reading is taken the hollow rod is raised and the load thus 
released, while the small plate remains in contact with the sample. After 30 sec- 
onds’ recovery time a reading is taken (he). The amount of deformation retained is 
ho-he. Plasticity is expressed as softness multiplied by retentivity; softness being 


taken as ae and retentivity (the ratio of the amount of deformation retained 
1 


to the amount of deformation given) taken as 


m— sg 

ho — hy 
ho — he 
P=SXR th, 

The temperature at which the tests are made depends on the material, etc., 
100° C. being frequently used. Preheating the samples for about 20 minutes is 
recommended. 

(4) Pusey-Jones Plastometer—This is actually a hardness-elasticity tester, 
mostly used for vulcanized rubber. The indentation produced by a ball under a 
certain load is a measure of the hardness. 

Assembling: Cone 20 with ball !/s in. (unless otherwise specified) is fitted under 
the small plate 8. Plate 19 may be put on base 1 if the thickness of the rubber 
sample is not sufficient. Weights are placed on plate 10 to bring the total weight of 
the hollow rod up to 1 kg. Split cylinder 21 is placed as described in Goodrich 
form. Small weights are put on plate 14 to bring the total weight of the inner rod 
and cone 18 up to 85 grams. 

Method.—The rubber sample in form of smooth surfaced plate is placed on the 
bottom plate, and the inner rod ending in the ball is lowered on it. The reading on 
the dialis taken. The hollow rod is then lowered and after a period of one minute a 
second reading is taken. The difference between the two readings, converted into 
hundredths of an inch, represents the ‘‘Pusey-Jones hardness’ figure. Subse- 
quently the hollow rod is lifted, and after another minute a third reading is taken 


Hence plasticity is 
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with the ball still resting on the rubber and loaded by 85 grams only. The differ- 
ence between the first reading and the third is known as “‘plastometric set.” 

Fig. 2 is a photograph of the instrument, constructed by the writer at the North- 
ern Polytechnic. 

Thanks are due to Mr. F. Avey, for help in the construction of the instrument and 
to Dr. Drakeley for his interest in the work. 

The work was done while the writer was holding a Ramsay Memorial Fellowship 
in England. 





[Reprinted from Physics, Vol, 4, No. 8, pages 285-288, 1933. ] 


The Balance-Plastometer: a Simple 
Instrument for Measuring 
Plasticity and Recovery 
of Soft Materials 


J. Hoekstra 


Tue N&ToERLAND GOVERNMENT RvuBBER INsTITUTE, DELFT 


The theory of parallel-plate plastometry has recently been studied extensively 
by Scott! and by Peek.2 Though the time-flow relations for substances following 
Bingham’s or de Waele’s laws are more or less mathematically solved by these au- 
thors, this is not the case for substances like rubber, which have no true yield 
value. Peek says that, in the case of rubber, there occurs an “overlapping of the 
elastic and the plastic stage,” so that the results are ambiguous. 

This remark seems to us very much to the point. By reason of this ‘‘over- 
lapping” the question of the “recovery” of masticated rubber and related sub- 
stances is as yet rather unsolved. Karrer’s method* of expressing plasticity 
(“softness”) and recovery in one figure is not to be regarded as a solution of the 
problem. Moreover, his instrument for measuring the recovery has the great 
disadvantage of a fixed time and rate of compression. There is no possibility of 
varying the time and the percentage of compression to any great extent; therefore, 
with his instrument it is not possible to study the way in which the “‘yield value” 
or the degree of plasticity varies with the time and the percentage of compression. 

The instrument described below makes these variations possible and is simple of 
construction. The principle of this instrument is as follows: a bar is fixed to the 
long arm of a balance with unequal arms; the vertical displacement of this bar, 
which rests on a specimen of the material to be investigated, is magnified fifty 
times and read on a scale. The specimen rests on a second bar with a known cross 
section. The first-named bar can be loaded with a known weight, and this weight 
can be removed at will. 

Figures 1, 2, and 3 give top view, front view, and some details, respectively. 
In Fig. 4 a photograph of the apparatus as used by the author is shown. 






































Figure 1—Top View of Plastometer 
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The specimen is pressed between the two bars d and e¢ (see Figs. 2 and 3) which 
have flattened ends. The lower bar e is fastened to the ground plate by means of 
a spring clamp, which allows an easy detaching and reinstalling of this bar. This 
clamp is shown in front view A (see Fig. 2) and in side view L and M (see Fig. 3). 
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Figure 3—Details of Plastometer 


The bar e normally has a round upper surface of 1 sq. cm.; the upper part of this 
bar can be unscrewed and replaced by similar parts of a surface of any size wanted. 
The under surface of the upper bar d is about 2.sq.cm. In this way the modifica- 
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tion of the Williams’ plastometer* by van Rossem! is put into practice: the pressure 
on the specimen is kept constant and volume control of the specimen is eliminated. 
The latter point is of great practical importance. 

The upper bar d is fastened to the long arm of the balance b (see Figs. 2 and 3). 
The bearings of this balance are at o. In detail Q (Fig. 2), one of these bear- 
ings with the steel ball which bears the balance-yoke is shown. While at one 
bearing (0:, Fig. 1) this ball rests in a flat slit in its bearing-support, at the other 
bearing (02, Fig. 1) this ball rests in a conical hole in the corresponding support, 
thus giving scope for little differences in thermal expansion of yoke b and basal 
plate a (see Fig. 1). 














Figure 4—The Balance Plastometer 


A sharp pin (see Fig. 2, detail P) rests in a little hole at the top of the upper 
bar d; this pin transmits the displacement of this bar to a needle n (see detail O, 
Fig. 2). A little steel spring (see g, Fig. 2) gives the necessary pressure on the 
needle from both sides. 

The fulcrum axis of this needle and its supports are shown in position in Fig. 2 
and separately: in top view at Fig. 3 F; from underneath at Fig. 3 G; and in 
side view at Fig. 3 H. The screw 6 (Figs. 1, 2, and Fig. 3 C and D) allows a zero 
adjustment. By this gage the thickness of the specimen is read on the scale with 
an accuracy of 0.0003 cm. 

Needle n and balance b are both counterbalanced by weights 7 and k, respectively 
(see Fig. 2). The total friction amounts to 5 grams at maximum. In this way 
a force of not more than 5 grams is exerted on the specimen when the pressing weight 
is arrested. The upper bar d may be loaded and unloaded with a weight o of 5 
kg., made up of two iron bars which hang in the unloaded position on the yoke m. 
This yoke can be operated from outside the air thermostat, in which the whole 
apparatus is placed during use. In the loaded position (brought about by the 
lowering of the yoke m) this weight rests on a little steel yoke (shown in full at Fig. 
3 K and in position at Fig. 3 C and Fig. 2). This latter yoke transmits the force 
of 5 kg. to the center of the upper bar d (Fig. 3 J and J), thus preventing rotation 
momentums working on this bar. 

It is thought, that the slight non-parallel motion of the under surface of the upper 
bar against the upper surface of the lower bar is of no influence on the readings of 
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the instrument, compared with the readings of a true parallel-plate plastometer. 
This supposition is proved by the comparison of plasticity measurements of the 
same masticated rubbers by this instrument and by the modified Williams’ 
plastometer of the Netherland Government Rubber Institute (see Table I). 


TABLE I 


“PLasTiciTy” oR “Sorrness’”? MEASUREMENTS WITH THE BALANCE PLASTOMETER AND 
witH THE Mopirrep WILLIAMS’ PLASTOMETER OF THE NETHERLAND GOVERNMENT 
RousBer Institute (Bots witu 5 Ka. per Sa. Cm. at 70° C.) 








Material Balance Pl. N.G. R. I. Pl. 





F. L. Sheet masticated 5 min. D10 0.3602 0.364 
0.350 0.385 

D30 0.242 0.2388 

0.230 0.250 





F. L. Sheet masticated 10 min. D10 0.263 0.291 
0.261 0.294 

D30 0.166 0.176 

0.170 0.178 








¢ Before measuring the plasticity with the balance plastometer, the initial thickness 
of the specimen is brought to 4 + 0.05 mm. by compressing and unloading the specimen 
in the apparatus, till it recovers to the thickness named. This measure, which is un- 
eee dn with the Williams-type plastometer, gives better reproducibility for plas- 
ticity-data of stiffer rubbers. 


Several ways of measuring the recovery could be proposed. Any duration of 
time of pressing could be chosen and recovery measured after tilting the weight for 
any other length of time. It is also possible to compress the specimen to a certain 
percentage of its original thickness, in which case the time of compressing will vary 
with the plasticity of the material under examination. In Fig. 5 some examples are 
given of both methods of measuring the recovery, obtained on two stocks of sheet, 
masticated for 8 and 50 minutes, respectively, on laboratory mills. These ex- 
amples are only meant to illustrate the two ways of measuring the recovery and 
the functioning of the instrument. 

The following considerations indicate that measuring the recovery after compress- 
ing to a certain percentage of the original thickness might prove advantageous. 

If an “elastico-plastic” (Peek?) material be put under strain, the inner elastic 
stresses caused by this strain will diminish slowly because of the inner flow originat- 
ing from these same stresses. To measure the elasticity of an elastico-plastic sub- 
stance, it is best to study the initial inner stresses occurring in a strained body of 
this substance, regarding the influence of time on these stresses as a rheic phe- 
nomenon. If it proves impossible to measure these stresses immediately, one should 
take precautions to have these stresses always influenced to the same extent before 
the measurement is finished. Now if we let the inner flow, which tends to diminish 
to inner stresses, work for a time adapted to the plasticity of the material in such a 
way that the total flow is equal in each case, this condition will be fulfilled. This 
is done by compressing the material from a certain initial standard thickness to a 
final standard thickness. 

In conclusion it may be said that the instrument offers advantages when used 
to measure the plasticity as well as when used to study the recovery. 

In the first case, the same way of measuring the plasticity is used and the same 
precautions as to temperature of apparatus and specimen are taken as described 
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by van Rossem® for the N. G. R. I. plastometer. The Advantages of the above- 
described instrument are the control of initial thickness as described in starred 
reference to Table I, and the fact that the thickness is measured with greater 
accuracy. 
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Figure 5—Recovery Measurements on Two Stocks of Masticated Rubber 


(I) masticated for 8 minutes; (II) masticated for 50 minutes. Curvesa. Recovery measured after 
compression by 5 kg./cm.* from an initial thickness of 4 mm. to a final thickness of 1 mm. Curves b. 
Recovery measured after compression for 40 seconds. Curvec. The same after compression for 160 
seconds. Curved. The same after compression for 640 seconds. At the point r the weight was lifted 
and recovery began. 


In the second case, several ways of measuring the recovery are practical. The 
method used by the author is as follows: A cylindrical specimen, of 17 mm. 
diameter and of 5 to 8 mm. thickness is placed in the thermostat (usually at 70° C.) 
for at least 10 minutes. After this time the pellet is placed between the bars d and 
e and temperature equilibrium in the stove is restored by means of an electric fan 
with resistance coil, both of which are placed in the stove. This done, the thick- 
ness of the specimen is brought to 4mm. +0.05 mm. in the way described in starred 
reference to Table I. Then the weight of 5 kg. is lowered quickly, and the speci- 
men is compressed. As soon as a thickness of 1 mm. is attained the weight is 
lifted and simultaneously a stopwatch is started. Readings are now taken at fixed 
times up to 10 minutes. 

The compression, being here 75 per cent, may be varied, so that the whole range 
of compression of from zero to 100 per cent may be studied. This is thought to be 
advantageous in studying such problems as the influence of time of stressing on the 
yield value of rubber. 
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Some Observations on Rubber 
Testing 


J. R. Scott 


The subject of rubber testing and its standardization has received so much 
attention in recent years, that some apology might seem necessary for discussing 
it further. A few years ago the present writer had occasion to call attention to 
several respects in which existing test methods showed unnecessary lack of uni- 
formity (Trans. Inst. Rubber Ind., 5, 139 (1929)), and it must be admitted that this 
lack of uniformity still persists to a great extent, with a corresponding loss in the 
value of published test results. Itis the object of the present note to call attention 
more particularly to some unsatisfactory features in the selection of the “‘best”’ 
or “optimum”? cure of a mix for purposes of comparison with other mixes. 

It is scarcely necessary to emphasize the fact that in comparing the properties 
of different mixings, as in examining the effects of fillers, accelerators, antioxidants, 
softeners, etc., all the mixings must be vulcanized to comparable states of cure. 
Nevertheless, an examination of published data shows that often insufficient at- 
tention is paid to ensuring strict comparability. For instance, it is not uncommon 
to find the effect of fillers examined by taking an accelerated base stock, adding the 
fillers to it, and vulcanizing all the resulting mixings for the same time, it being 
assumed that the fillers do not affect rate of cure. This assumption is not justi- 
fiable, even in the case of seemingly inert materials. An obvious case is that of 
gas black, which, though chemically inert, retards vulcanization in presence of 
organic accelerators. Moreover, such “inert” materials as barytes, blanc fixe, 
whiting, and strontium sulfate may markedly alter the rate of cure. Thus, in 
some experiments made by the writer, a base mix accelerated with dephenylguani- 
dine (0.75% on the rubber) gave optimum mechanical properties after 90 minutes 
at 141° C., but mixings containing the fillers mentioned had optimum curing times 
ranging from 65 to 110 minutes. The writer has, indeed, come across a filler con- 
sisting of a very inert compound, which nevertheless completely puts out of action 
the most powerful organic accelerators. It is thus clearly unsafe to assume that 
any material will be inert as regards its effect on rate of vulcanization, whether in 
presence of an organic accelerator or not. 

A practice occasionally met with even in recent publications, is that of giving 
the same time of cure to mixings containing organic accelerators of widely varying 
activity. It is obvious that in such cases the correct cure will only be obtained 
here and there by mere accident. 

It is, however, now generally recognized that some attempt must be made to 
secure comparable cures, but even so the position is not altogether satisfactory, for 
the following reasons: 

(a) The degree of vulcanization adopted as standard varies from one worker 
to another. 

(b) The fixing of the time that gives the standard or optimum vulcanization 
is not always as precise as it should and could be. 

Dealing first with point (a), it is customary to vulcanize to the “optimum,” de- 
fined as the cure giving the best mechanical properties, usually before aging, but 
sometimes taking into account also the properties after aging. There is, however, 
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considerable divergence in regard to the property or properties chosen; the follow- 
ing definitions (among others) of “optimum cure” are in use or have been used: 

@ Maximum tensile strength; probably the most commonly used. 

(ii) Maximum tensile product; advocated by Wiegand (Ind. Eng. Chem., 18, 
1157 (1926)), owing to its close relation to resilient energy, and now often used. 

(iii) Best compromise between high tensile strength, high modulus, and low 
permanent set (after constant elongation); method adopted by the Research As- 
sociation of British Rubber Manufacturers. 

(iv) Best compromise between high tear-resistance and high “stiffness index’’ 
(a form of rigidity measurement), both before and after one year’s aging; used 
by Dinsmore and Zimmerman (Ind. Eng. Chem., 18, 144 (1926)). 

(v) Wiegand (India Rubber J., 64, 889 (1922)) refers to the “old-fashioned 
method’ based on tensile strength, breaking elongation, and permanent set (pre- 
sumably high values for the first two, and low values for set being aimed at). 

The method of vulcanizing to a fixed position of the stress-strain curve is, not 
considered here, because it is limited to comparisons of raw rubbers in a given 
mix. The value of the vulcanization coefficient as a criterion of correct cure has 
largely disappeared since the introduction of accelerators. 

The methods enumerated above may lead to very different estimates of the opti- 
mum curing time of a mix, as the following examples will show: 


TaBLeE I 
Optimum TIME oF Cure (Min.) 

Tread Mix Shoe Mix 

(Gas Black, Rubber— Rubber— Zinc Oxide (Whiting 

Zine Oxide, Sulfur— Sulfur— Mix Litharge and 

and TPG) Gas Black Litharge (Plus DPG) “s Rieck k) 
Method (i) 40 100 35 80 
Method (ii) 24 80 15 75 7 
Method (iii) 48 105 28 60 18 
Method (iv) 23 75 20 50 12 
Cure giving best aging 15 ae me 45 10 


It will be noted further that the relative times indicated by the different methods 
vary from one mix to another. 

The problem of selecting the most suitable property or combination of properties 
as a criterion of optimum cure has already been discussed (e. g., by Wiegand, 
Ind. Eng. Chem., 18, 1157 (1926); India Rubber J., 64, 889 (1922), Dinsmore and 
Zimmerman, Ind. Eng. Chem., 18, 144 (1926), and India Rubber J., 72, 187 (1926); 
Schidrowitz, India Rubber J.,'71, 513,551 (1926)), and so need not be dealt with 
fully here. Attention may, however, be drawn to the following points: 

(1) With most mixes the modulus passes through a maximum with advancing 
cure, and this maximum is sometimes used (in conjunction with other properties 
such as tensile strength) in fixing the optimum cure, especially as in unaccelerated 
mixings with low sulfur content (e. g., 5% on the rubber) it occurs at about the 
same time as the optimum tensile, and also because it can be determined more 
accurately than the latter. With many technical mixings, however, the maxi- 
mum modulus occurs later than the maximum tensile; in such cases the tensile 
strength—modulus method of determining the optimum is directly at variance 
with that based on tensile product and leads to quite a different result, since the 
former method selects the best combination of strength and stiffness, while the 
latter selects the best combination of strength and stretchiness—the exact opposite 
of stiffness. The difference between these methods may be illustrated by the tread 
mix quoted in Table I; this gives maximum tensile product at 24 minutes, whereas 
the best combination of tensile strength and modulus is at about 55 minutes. 


144 


Clearly, a decision is needed as to whether stiffness or stretchiness should be aimed 
at. 

(2) The methods most commonly used (based on tensile strength or tensile 
product) take no account of permanent set. Since low permanent set, in con- 
junction with great extensibility, is the most characteristic property of rubber, 
besides being of practical importance, and since set shows large changes with ad- 
vancing vulcanization, it seems only logical that this property should be taken into 
account in determining optimum cure. Indeed, the neglect to do so sometimes 
leads to a cure being chosen that gives an undesirably high set; this is the case 
particularly when maximum tensile product is taken as the optimum, as the fol- 
lowing examples show (set was measured after stretching to 400% elongation for 
the“pure”’ and litharge mixings, or 200% for the shoe mix): 


TaBLeE II 


PERMANENT SET 


Shoe Mix 
Rubber-Sulfur— (Whiting, Litharge Accelerated 
Litharge Mix and Lamp Black) “Pure” Mix 


Set, Cure, Set, Cure, 
% Min. 
9. 10 
: 15 
20 

25 

30 

35 


At maximum tensile 

product 4.4 <10 
At maximum tensile 

strength 3 2.2 8 20 


It is, indeed, not uncommon to find that high tensile product is incompatible 
with the lowest permanent set, since maximum tensile product often occurs at a 
relatively short cure where the set may still be falling rapidly. Wiegand (India 
Rubber J., 64, 889 (1922)) pointed out that permanent set is useful in determining 
optimum curing times, especially for inner tubes and dry-heat cured footwear 
stocks, and an anonymous writer (Rubber Age (London) 4, 39 (1923)) described a 
method of optimum cure determination based on elastic return after subjection to 
indentation. 

(3) Aging is not taken into account in fixing optimum cures to an extent 
commensurate with its importance, probably because of the time required for 
aging tests. Nevertheless, the properties after a period of storage and use have 
more practical significance than those of the freshly vulcanized rubber, which is 
not really an article of commerce at all. The obvious plan of measuring the 
physical properties both before and after an aging treatment representing the aver- 
age life of rubber goods brings up at once the difficulty, if not impossibility, of 
fixing an average that would be appropriate to all types of rubber. A better system 
might be to give the rubber a short aging treatment (rather a ‘“‘conditioning”’) 
equivalent to the average period of storage of goods before use, so that the results 
would represent approximately the properties of rubber as sold to the user. This 
“conditioning” would take the rubber past the initial stage of comparatively rapid 
change that follows vulcanization. The one year’s aging adopted in Dinsmore 
and Zimmerman’s method of selecting optimum cure (Ind. Eng. Chem., 18, 144 
(1926)) might almost be regarded as a conditioning treatment, since one year is a 
short life for most rubbers. 
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A matter akin to this last, though not connected with optimum curé, may be 
mentioned here, namely, the desirability of paying more attention to the properties 
possessed by rubber after it has been subjected to repeated stresses, as in use. 
It has been shown (see Whitby, “Plantation Rubber and the Testing of Rubber,”’ 
London, 1920, p. 412) that when rubber is subjected to repeated cycles of ex- 
tension and retraction, the shape of the extension and retraction curves changes 
considerably during the first few cycles, but later tends toward a constant form. 
From a practical point of view this final form is often more important than the 
shape of the first cycle, which is purely a transient property. This prompts the 
query whether the properties of rubber as normally measured really represent its 
behavior in use. 

Reverting to the question of selecting a property or properties as an optimum cure 
criterion, the first difficulty is that all the practically important properties cannot 
usually have their optimum values at the same time of cure. Thus, for the tread 
mix already quoted, maximum tensile strength occurs at 40 minutes, maximum 
tensile product at 24 minutes, maximum modulus at 80 minutes, minimum per- 
manent set (after constant elongation) at 20 minutes, and best aging at 15 minutes. 

In the above example it will be noted that permanent set after constant elonga- 
tion has its minimum at a much shorter time than the maximum tensile strength, 
and this is commonly the case in mixings where the modulus continues to increase 
considerably beyond the tensile maximum. This suggests that the increase in 
set following the minimum is due to the increased force needed to produce the con- 
stant elongation applied in the test, rather than to an increase in the tendency of 
the rubber to retain deformation (7. e., a decrease in elasticity). This point is 
mentioned because it raises the question whether set should be measured 
after subjection to constant elongation or constant load, a point on which no 
agreement seems to have been reached (see, e. g., Turner, Trans. Inst. Rubber 
Ind. 2, 446 (1927)). If it becomes the practice to take permanent set into account 
in fixing the optimum cure, a proceeding for which there is much justification, it 
will be necessary to decide upon one or the other method of measuring set, if uni- 
formity of results is to be ensured. 

The two main questions that must be answered before a uniform system of 
determining optimum cures can be evolved are: 

(i) Can one method be devised that gives the best combination of useful proper- 
ties in all types of mix? 

(ii) What properties should be taken into account in a standard method ap- 
plicable to all mixes, or in specialized methods for particular types of mix? 

It is not the aim of the present note to settle these questions, but to call attention 
to the need for settling them, in the hope of drawing forth expressions of opinion 
on the subject. It may be noted here, however, as has already been pointed out 
by Dinsmore and Zimmerman (Ind. Eng. Chem., 18, 144 (1926)), that maximum 
tensile product has the advantage of being usually at a shorter cure than maximum 
tensile strength, and hence nearer to the optimum aging (cf. Table I). In this 
respect the practice of taking into account the maximum modulus is a disadvantage, 
because it often tends to push the optimum beyond the maximum tensile. 

We may turn now to the second respect in which the fixing of optimum curing 
times might be improved, namely, in regard to accuracy. It is a common practice 
to make a range of cures, select that which gives the best properties, and call this 
the optimum. Often the times of cure are spaced widely apart, e. g., 10, 20, 
30 minutes. If two mixings are being compared, the 20-minute cure may be the 
best in each case, and yet the true optimum may be 16 minutes in one case and 
24 minutes in the other. To select the 20-minute samples as “comparable cures”’ 
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in such a-case is very inaccurate, and might produce quite misleading results. 
In general, the maxima or minima of the various properties must lie between two 
of the actual cures, so that their positions and values must be determined from 
the curves obtained by plotting the properties against time of cure. It is suggested 
that five or six different cures should be given, so that the intervals between them 
are relatively short. This not only increases the accuracy of the curves, but makes 
it easier to pick out abnormal values, e. g., low tensile strengths due to faulty test- 
pieces. This method certainly involves more work than the common proceeding 
of simply selecting the best out of three or four cures, but the increased accuracy 
and reliability of the results would probably more than repay the extra trouble. 

Another question relating to the production and testing of experimental mixes 
that seems to have received little attention, is the desirability of making experi- 
ments in duplicate, 7. e., making up independently two lots of the mixing or mixings 
under examination, and vulcanizing and testing these separately. It is the practice 
in all branches of exact science not to rely on a single measurement, but to make 
(at least) duplicate experiments, as far as possible independent of one another, but 
this practice is not generally adopted in rubber testing. Yet it is notoriously 
difficult for different laboratories to obtain the same results for the same mix, even 
with careful attention to standardization of methods (see, e. g., the results of the 
American Chemical Society’s tests, Ind. Eng. Chem., Anal. Ed., 1, 55 (1929)). 
Hence it seems rather optimistic to assume that, in any one laboratory, sources 
of error or variation are so nearly absent that all the test results are strictly re- 
producible and represent the absolute truth. The causes of variable results are so 
numerous and in part so difficult to control (e. g., variations in mastication and 
mixing, especially of compounded stocks; grain effects; control of vulcanizing tem- 
perature in platen presses), that it seems desirable at least to ascertain what de- 
gree of reproducibility is obtained under the usual testing conditions. Even if it 
proved necessary in consequence to duplicate every piece of work carried out, the 
net result might be a gain in spite of the shrinkage in the volume of published data. 

In conclusion, attention may be drawn to one way in which the value of published 
results could be increased with a negligible amount of trouble. During an exten- 
sive search through rubber literature, the writer has been struck by the frequency 
with which the composition of mixings is expressed in an ambiguous way. Such 
expressions as the following are often met with, and are capable of various inter- 
pretations: rubber is vulcanized ‘‘with 10% of sulfur” (is this percentage on 
the rubber or on the total mix?); “‘20% of filler was added”’ to a base stock (this 
might be percentage on the rubber, on the base stock, or on the total mix); ‘‘30- 
volume loading of filler,” or “30 volumes (or 30% by volume) of filler were added” 
to a base stock (is this 30 volumes per 100 volumes of rubber, of base stock, or of 
total mix, or per 100 parts by weight of rubber, or of base stock?), and many other 
examples could be found with a little searching. A little extra care in the expression 
of mixing formulas would be amply repaid by the avoidance of misinterpretation. 

The writer wishes to thank the Board of Management of the Research Association 
of British Rubber Manufacturers for permission to use data from the Association’s 
records in illustration of the various points discussed. 
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[Reprinted from Industrial and Engineering Chemistry, Vol. 25, No. 4, 
page 449, April, 1933.] 


Low Sulfur Compounding 


A. A. SOMERVILLE AND W. F. RussELL 
R. T. Vanderbilt Company, Inc., New York, N. Y. 


Since the beginning of the rubber industry, sul- 
fur dosages used for soft rubber have declined from 
20 to 2 or 3 per cent customary today. The de- 
cline is still under way, and present sulfur ratios 
are high in comparison with what is actually re- 
quired to produce satisfactory commercial vulcani- 
zation—fractions of 1 per cent. 

Vulcanization with extremely low sulfur ratios, 
the use of selenium and tellurium as auziliary 
vulcanizing materials, and the proper type of 
acceleration required to “‘cure in” all the sulfur 
and produce satisfactory commercial results, are 
discussed. Comparative data, covering many 
physical attributes, are shown for pure gum and 
gas black stocks compounded with 3 per cent sulfur 
on the one hand, and 0.3 and 1 per cent (gas 
black stock) on the other. 

Advantages of very low sulfur compounds are 
less tendency to scorch, better physical properties, 
better aging, higher resilience and lower power 
losses, less discoloration, greater resistance to hot 
solvents, greater abrasion resistance, and less 
flez-cracking on aging; disadvantages are higher 
set at low temperatures and reduced capacity to 
adhere to metals. It seems probable that, in the 
future, compounding will be based largely on the 
use of very low sulfur ratios. 


INCE Goodyear in 1839 discovered the change produced 
S: rubber by heating it with sulfur, no better commercial 

vulcanizing agent than sulfur has been discovered, and 
the vast industry of today is based on this fundamental 
discovery. Other vulcanizing materials have been proposed 
but have not been commercially successful. Sulfur, in some 
form, remains the chief commercial vulcanizing agent for 
rubber either in the dry or wet form. 
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HIsToRICAL 


The proportion of sulfur (to rubber) used for technical 
vulcanization, however, has not remained constant. It was 
quickly found that sulfur, in addition to the beneficial changes 
it produced, could also damage the rubber. The gains in 
elasticity, strength, and resistance to freezing were not 
permanent but were rapidly lost as the vulcanized rubber 
changed on aging to a brittle, resinous product. The pro- 
portions of sulfur necessary to produce the most lasting 
improvements in the rubber became a question of prime 
importance to the developing industry. 

The original patent awarded to Goodyear (6) in 1844 
specified 20 per cent of sulfur on the rubber as the amount 
“to which it is desirable to approximate.” As the new 
industry began to grow, experience showed that the sulfur 
figure could be shaded a bit, and it probably soon dropped to 
about 15 per cent in highly efficient plants. 

After the use of the roller mixing mill became more general, 
there followed a long period of empirical development during 
which almost every available material was tried in rubber to 
modify its properties and cheapen its cost. Lime and mag- 
nesia, as well as the lead compounds known to Goodyear, 
~ were found to hasten the reaction with sulfur; and the use of 
these inorganic “catalysts” became universal. On the 
other hand, the world-wide search for new and cheaper 
sources of rubber popularized the African and other low- 
grade rubbers, the slow curing properties of which tended to 
offset the accelerating effects of the inorganic accelerators. 
Thus there was probably little change in commercial sulfur 
ratios until about 1900. 

From 1900 to 1910 there appears to have been a gradual 
drop to about 10 per cent, and this was the amount generally 
used at that time for testing the vulcanizing quality of raw 
rubber. At the time of the discovery of organic accelerators 
in 1906, sulfur ratios seem to have been within the range of 8 
to 12 per cent for products such as tires and tubes in which 
sulfur bloom was not considered objectionable. Boot and 
shoe compounds, on the other hand, appear to have always 
had considerably lower sulfur and in this respect have shown a 
much smaller change in the last twenty years. 

After 1910 the use of organic accelerators gradually became 
widespread, and by 1920 few plants were operating without 
them. Their use brought about a steady decline in sulfur 
ratios because lower sulfur plus the accelerators gave better 
physical quality than higher sulfur without them. Unless 
the sulfur ratio was reduced as well as the time of cure, the 
accelerators had too much tendency to cause overcuring and 
premature aging. By 1920 sulfur ratios in tires and tubes 
had declined to 4-6 per cent. 

The next decade saw greatly increased activity in the 
application of accelerators; new and more active products, 





TaBLeE I. Rate or ScorcHinGc or Press-CurED Purge Gum Stocks 





Compounp B 





Compounp A 





Press Cure aT 220° F. Stress at 500% Tensile strength 
: Lb./sq. in. Kg./sq. cm.  Lb./sq. in. Kg./sq. cm. 
Slight “_ . Slight cure 


Ultimate 
elongation Stress at 500% Tensile strength 


% Lb./sq. in. Kg./sqg. cm.  Lb./sq. in. Kg./sq. cm. 


Slight cure Uncured Uncured 
980 Uncured Uncured 
800 Slight cure Slight cure 
830 ate - 280 
830 175 12 1210 
790 405 28 2780 


Ultimate 
— 
0 


Slight cure 
950 
900 
800 
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including the so-called ultra and semi-ultra sulfur-bearing 
accelerators, were introduced and rapidly became popular. 
By 1930 sulfur ratios in the tire industry had dropped to 
about 3 per cent, and probably throughout the whole industry 
the average amount of sulfur used for vulcanization was not 
much above this figure. 

Since 1930 the tendency has been to still lower sulfur ratios. 
Figure 1 shows in graphical perspective (which must not be 
interpreted too literally) the downward trend of sulfur ratios 
since the beginning of the industry. 


Wuat Is Low Sutrur? 


The proportion of sulfur commonly used today is around 
2 or 3 per cent on the rubber; this is frequently called “low 
sulfur,” which it is when compared with what was customary 
ten years ago. There is also a tendency in the industry to 
regard this amount of sulfur as about the lowest limit for 
satisfactory commercial vulcanization. 

The most recent developments show that not only can 
complete vulcanization be accomplished with far lower sulfur 
percentages than those now in use, but also that the products 
possess special characteristics and qualities which it is im- 
possible to obtain with the higher sulfur ratios. The latest 
sulfur ratios are practically as far below those currently used 
as the latter are below those of twenty years ago. Hence it is 
confusing to use the term “low sulfur’ for compounds having 
2 or 3 per cent when commercial compounds with considerably 
less than 1 per cent of sulfur are now coming into use. There- 
fore the term “low sulfur compounding” will be reserved here 
for the latest developments in the art, which deal with frac- 
tions of 1 per cent of sulfur on the rubber as compared with 2 
or 3 per cent commonly employed. 


Low SutFur CoMPOUNDING 


Bruni (3) in 1921 showed that rubber could be vulcanized 
with thiuram disulfides in the absence of added sulfur; since 
then it has been generally known that satisfactory commer- 
cial vulcanization can be accomplished with 3 to 4 per cent of 
its weight of tetramethylthiuram disulfide and no other 
vulcanizing agent. This accelerator is believed to have one 
atom of sulfur available for vulcanization, so that a vulcani- 
zate obtained from the proportions mentioned cannot have 
more than about 0.5 per cent of combined sulfur. Boggs and 
Blake (2) have stated that approximately 0.5 per cent of com- 
bined sulfur is all that is needed for the formation of pure soft 
rubber and have suggested for this the formula (CsHs)200S:. 
Rubber vulcanized with 3 to 4 per cent of tetramethylthiuram 
disulfide is somewhat softer than ordinary sulfur-vulcanized 
rubber, but it far surpasses the latter in stability—i. e., re- 
sistance to age and heat deterioration. 

As an outcome of work done by others with tetramethyl- 
thiuram disulfide as a vulcanizing agent in the production of 
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heat-resisting stocks and more recently as a result of a study 
of the theory proposed by Boggs and Blake (2), this laboratory 
began several years ago the intensive study of very low sulfur 
ratios in conjunction with suitable combinations of accelera- 
tors and vulcanizing agents. The idea of trying to duplicate 
rubber cured with thiuram disulfide by rubber cured with 
sulfur to a coefficient of 0.5 had not been thought of commer- 
cially, owing to technical difficulties of acceleration and con- 
trol of the amount of sulfur combining. 

' The first attempts made in this laboratory to produce 
commercial compounds with added sulfur approximately 
equivalent to that called for by Boggs’ coefficient of vulcani- 
zation—i. e., 0.5 per cent on the rubber—were carried on in 
1930. They were based on the principle of using the exact 
amount of sulfur and “driving it home” with suitable high- 
powered accelerators. The experiments proved that the 
kind and amount of accelerators employed were of first 
importance for successful vulcanization by this method. 
These have to be able to pass the small amount of sulfur on to 
the rubber and not exhaust it by reaction with themselves as 
many other accelerators appear to do. 

- The sulfur-bearing accelerators, such as mercaptobenzo- 
thiazole, benzothiazyl disulfide, tetramethylthiuram di- 
sulfide, and combinations of these, were found, in reasonable 
amount, to produce satisfactory vulcanization with 0.5 per 
cent, and even less, of sulfur. The vulcanizates differed out- 
standingly from those customarily obtained with 2 or 3 per 
cent of added sulfur in their enhanced resistance to aging in 
the oxygen bomb. The resistance to aging diminished as the 
sulfur ratio was increased. . 

When sulfur-bearing accelerators are thus used in proper 
combinations, the resistance of the cured compound to aging 
is improved as the sulfur is lowered and the accelerator 
increased; when the sulfur approximates 0.5 per cent, there is 
an outstanding difference in age resistance from that cus- 
tomarily obtained with 2 or 3 per cent of sulfur. This improve- 
ment in aging appears to have two causes: (1) the actual 
lowering of the sulfur, thereby approximating the. proposed 
ideal of 0.5 per cent combined, with complete absence of free 
sulfur; and (2) the increasing of the accelerator, which in 
itself improves the original properties and aging due to its 
“‘vitalizing” and antioxidant characteristics. 

The products obtained with the lowest sulfur ratios—from 
0.3 to 0.5 per cent—gave the highest resistance to aging, but 
they were somewhat lacking in snap or liveliness. The 
problem, therefore, became that of bringing up the physical 
quality of the vulcanizate without unduly increasing the 
sulfur and so detracting from the age resistance. 


SELENIUM AND TELLURIUM 


These elements resemble sulfur in being able to combine 
with rubber under certain conditions, but more slowly than 
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sulfur. They differ from sulfur in their inability to form 
hard rubber. According to Blake (1), the maximum co- 
efficient of vulcanization obtainable with selenium is about 
5.1 (corresponding to a sulfur coefficient of 2.04). According 
to Boggs and Blake (2), all combined sulfur in excess of 0.5 
per cent is detrimental to soft rubber, causing it to age more 
rapidly. It seemed reasonable, therefore, to try using very 
small quantities of selenium together with extremely low 
sulfur for the purpose of improving the tensile properties of 
the low sulfur compounds without affecting their high re- 
sistance to artificial aging. Selenium, furthermore, had 
previously been found useful for improving the tensile quality 
of rubber cured with thiuram disulfide without greatly 
affecting its age and heat resistance. 

After considerable experimenting, compounds containing 
small amounts of sulfur and selenium in combined propor- 
tions equivalent to approximately 0.5 per cent of sulfur were 
developed and studied. These compounds showed high 
physical quality as well as remarkable resistance to aging 
in both the oxygen and air bombs. It has been found im- 
possible to duplicate their age resistance by using higher 
amounts of sulfur even with the best aging accelerators. 
The stability of these compounds, however, is not as great 
as that of rubber cured with 3 or 4 per cent of tetramethyl- 
thiuram disulfide alone. Indeed, it has not yet been found 
possible to equal this in any compound vulcanized with 
elementary sulfur. 

The use of selenium, and later tellurium, as a secondary 
vulcanizing agent was thus found to be essential to the 
quality of the low sulfur compounds. It tends to prevent ' 
the softening (reversion) of the rubber on prolonged heating, 
gives the compound a flatter curing range, and contributes 
materially to the physical quality. 

Tellurium (4) was subsequently found to act in these low 
sulfur compounds similarly to selenium except that it is less 
reactive. Because of this and of its higher atomic weight, 
more of it may be used (up to about 1 per cent). Tellurium 
is particularly advantageous in white or delicately colored 
articles because it has practically no discoloring effect when 
the rubber is exposed to light. 

Like selenium, tellurium tends to prevent reversion of low 
sulfur compounds. Without sulfur and accelerator, however, 
it has little if any vulcanizing action. 


ACCELERATION 


The modern sulfur-bearing accelerators are most suitable 
for use in the low sulfur field of compounding. Of these, 
mercaptobenzothiazole, together with a smaller amount of 
tetramethylthiuram disulfide, has given the best results. 
About 1 per cent of the former and from 0.25 to 0.5 per cent 
of the latter generally produce excellent results. The thiuram 
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disulfide, if present in small amounts (up to 0.25 per cent), 
functions chiefly as an activator for the primary accelerator; 
when used in larger amounts, its vulcanizing action un- 
doubtedly also plays a part in the reaction. Benzothiazyl 
disulfide produces results similar to those of mercaptobenzo- 
thiazole, but with a slower curing rate. 

The amount of acceleration indicated is usually enough for 
practically any type of compound with a sulfur ratio as low 
as 0.3 per cent and selenium ratio up to 0.5 per cent. These 
proportions may be varied within narrow limits to suit 
different purposes. Gas black, however, has a retarding 
action so that with high gas black compounds it is necessary 
to raise the percentage of sulfur to 1 or 1.2 per cent; this 
amount is still low in comparison with the ratios commonly 
used for gas black stocks (3 to 4 per cent). 

In the following series of tests a comprehensive comparison 
is made between two typical sulfur stocks containing 3 per 
cent sulfur and the same stocks compounded on the new low 
sulfur basis. The first two compounds compared are not 
loaded except for 10 per cent of zine oxide, and may be desig- 
nated as pure gum; the second pair are typical gas black 
stocks. 

Pure Gum Stocks 
The formulas for the two pure gum compounds are as 
follows: 
Rubber 
Stearic acid 
Agerite powder (phenyl-8-naphthylamine) 
Zinc oxide 
Captax (mercaptobenzothiazole) 
Tuads (tetramethylthiuram disulfide) 
Vandex (selenium) 
Sulfur 

Since it is generally agreed that a good antioxidant is 
necessary to produce a stock having superior aging qualities, 
phenyl-6-naphthylamine was used in these compounds. 

Rate oF Scorcuine. Figure 2 and Table I show the - 
results of curing the two compounds in a press at a steam 
pressure of 2.5 pounds—i. e., a temperature of 220° F. (104° 
C.). The results in Figure 3 were obtained by heating the 
uncured stocks in a vacuum drier at 158° F. (70° C.), and 
determining the decrease of plasticity with time by means of a 
Williams plastometer. Both methods prove the low sulfur 
stock to be markedly less scorchy than the other. This is an 
advantage from a factory point of view since it means easier 
mixing and better processing. 

TaBLE II. Pxuasticrry CuHances on Lona HEATING oF PURE 
Gum Stocks 


————Compounp A Compounp B—-——. 
TIME OF Plas- Recov- State of Plas- Recov- State of 
HEATING ticity ery cure ticity ery cure 
1/100 1/100 1/100 1/100 
Hours mm, mm, mm, mm, 
0 387 26 Uncured 347 18 Uncured 
2 618 331 Slight cure 533 284 Uncured 
48 847 233 Cured 726 340 Cured 
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TENSILE PROPERTIES AND RaTE OF Cure. Figures 4 and 
5 show the tensile properties and curing rates of compounds 
A and B as obtained from press cures at 30 pounds of steam 
pressure [274° F. (134° C.)] and from dry heat cures at the 
same temperature. Results are also given in Tables III 
and IV. 

REsIsTANCE TO AGinG. Figure 6 and Tables V and VI 
show the comparative resistance of the two compounds to 
oxygen-bomb and air-bomb aging. Stock B has far better 
aging resistance in the oxygen and air bombs than stock A 
although A is regarded as a good aging compound in com- 
mercial practice. 

REsIsTANCE TO LigHT DISCOLORATION AND CRACKING. 
White stocks were exposed to an arc light in the Fade-O- 
Meter for 12 hours. Compounds G and H correspond to A 
and B, respectively; they are colored white with 25 per cent 
of titanium dioxide and contain no antioxidant. Compound 
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H1 is the same as H except that it has 0.5 per cent of tel- 
lurium instead of selenium, as follows: 


Rubber 
Stearic acid 
Zinc oxide 
Titanium dioxide 
Captax (mercaptobenzothiazole) 1 
Tuads (tetramethylthiuram disulfide) ... 
Vandex (selenium zie 
Telloy (tellurium) een 
Sulfur 3 
The high sulfur stock G developed a brown color over the 
exposed area; stocks H and H1 showed much fainter dis- 
coloration, that of H1 being scarcely noticeable. On pro- 
longed exposure to sunlight under tension, the surface cracks 
on stock G were larger and deeper than those on H and H1. 
SwE.iine iN Hort Sotvents. Figure 7 and Table VII 
indicate slightly greater resistance to swelling for the B stock 


than for A in lard and fuel oil at 158° F. (70° C.), but much 
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greater resistance in fuel oil at 212° F. (100° C.). Since 
specifications for oil-resisting compounds are becoming more 
and more rigid as regards both time and temperature of 
immersion, the low sulfur method of compounding offers 
distinct advantages for this class of goods. 


TABLE VII. SwE.uinc or Pure Gum Srocks IN 
Hot So.ivENntTs 
(Percentage volume increase after 7 days’ immersion) 
Press CurE ———Compounp A Compounp B 
AT Al F. Lard® Fuel oil Fuel oil® Lard* Fuel oil? Fuel oil® 
um. 

162 330 

145 

147 

157 


@ At 158° F. (70° C.). 
b At 212° F. (100° C.). 


Power Loss AND ResiuieNnce. Figure 8 and Table VIII 
present the results of resilience tests made with compounds 
A and B on the Dunlop Pendulum Hysteresis machine. 
Stock B shows greater resilience and lower power loss than 
A over the range of cures tested. Similar results expressed 
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Figure 9. Enercy Loss’ Figure 10. Errect or SuLrur 
ON IMPACT OF PuRE Gum Ratios on Set or Pure Gum 
Stocks Stocks 


as percentage energy loss, obtained by means of Liipke’s 
Impact Resiliometer, are given in Figure 9 and Table IX, 
the B stock again showing the smaller power loss. 


TasLe VIII. Power Loss, RESILIENCE, AND INDENTATION OF 
Pure Gum Stocks 


-———Compounp A , Compounp B b 
Press CurE Power Resili- Indenta- Power’ Resili- Indenta- 
at 274° F. loss ence tion loss ence tion 
Arbitrary Arbitrary 
Min. units units 





The superior mechanical properties of stock B indicate 
that such compounds have distinct advantages for tire car- 
casses and other articles subjected to continuous flexing in 
— Lower power losses indicate reduced generation of 

eat. 
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TaBLe [X. Enercy Loss on Impact or Purse Gum Stocks 


Press Cure Enerey Loss 
aT 274° F. Compound A Compound B 
in. fo % 
30 22.25 19 
45 22 17.75 
60 22.5 16.25 
90 2 17.5 


Errect or SutFrur Ratios on Set. Figure 10 shows the 
set obtained on a low sulfur compound by stretching it 
arbitrarily to 300 per cent elongation at room temperature 
and also at 32° F. (0°C.). The effect of gradually increasing 
the sulfur is also shown, the tests being made on the optimum 
cure in each case. At the freezing temperature there is a 
distinct increase in the set with sulfur percentages below one. 
This is undoubtedly a disadvantage in extremely low sulfur 
compounds, which as yet has not been overcome. 

Since there is no known laboratory test for measuring the 
effect of low temperatures that gives results which can be 
correlated with service tests, it is difficult to determine how 
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Figure 11. TENSILE PROPERTIES OF Biack Stocks 1N OxyYGEN 
Gas Buiack Stocks Boms 
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TIME OF CURE : MINUTES AT 274°F. (134°C) 


serious a drawback the defect may be. Low sulfur com- 
pounds with 1 per cent of sulfur are being regularly used 
commercially at temperatures lower than 32° F. (0° C.), and 
from commercial experience there appears to be no reason to 
fear bad results. 

It is frequently necessary to alter the composition of various 
manufactured articles to suit climatic differences. Rubber 
being no exception to this rule, it would seem reasonable that, 
when excessively low temperatures are to be combated, the 
sulfur should be set at a somewhat higher level than for 
ordinary purposes. On the other hand, at extremely low 
temperatures such as —20° F. (—29° C.), even compounds 
vulcanized with 3 per cent of sulfur stiffen and show an ab- 
normally high set. 


. Gas Buack Stocks 


Experiments were carried out on two gas black stocks, 
one compounded according to present day usage, the second 
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similar to the first except that it is compounded on a low 
sulfur basis: 


Rubber 
Plastogen 
Stearic acid 


C 
100 
5 


4 
Phenyl-8-naphthylamine (‘‘Agerite powder’) a 
0 


Zinc oxide 

Gas black ; 

Mercaptobenzothiazole (‘‘Captax’”’) 

Tetramethylthiuram disulfide (‘‘Tuads’’) 

a (“‘Vandex’’) 
ur 


TENSILE PROPERTIES AND RATE 


45 
1 
OF CURE. 


8 


~e 
ROSCOUNOH ho 
obo 
on 


The tensile 


strength and modulus of the two stocks cured in a press at 
30 pounds of steam are compared in Figure 11 and Table X. 
The low sulfur stock (D) cures faster than the stock with 
higher sulfur (C) and develops a somewhat higher tensile 
strength and a considerably higher stress at 300 per cent 


elongation. 


REsIsTANcE TO AcinG. Figure 12 and Table XI show the 
comparative resistance of the two stocks to aging in the 
oxygen bomb at 300 pounds pressure and 158° F. (70° C.). 


VoutumeE Loss or D’ 


Comparable 
units 


Comparable 
units 


Comparable 
units 


Comparable 
units 


Comparable 
units 
8.34 
6.87 
6.09 
6.28 


TaBLeE XIJ. Asrasron Loss or Gas BLAcK Stocks 
Press Curse 
AT 274° F, VoutumE Loss or C 
KELLY MACHINE 
Comparable 
Min. Cc. X 100 units Ce. X 100 
20 ee or 420 
30 580 10 250 
45 380 6.55 205 
60 295 5.09 210 
90 235 4.05 ee 
GRASSELLI MACHINE 
Comparable 
Min. Cc./h. p. hour — units Ce./h. p. hour 
20 re i 225 
30 255 10 205 
45 235 9.22 185 
60 200 7.85 165 
90 215 8.43 A 
GOODYEAR MACHINE 
Comparable 
Min. Ce. units Ce. 
30° ae ps 8.93 
40 10.37 10 9.1 
55 9.87 9.52 9.43 
70 10.02 9.66 10.0 
100 10.52 10.14 beak 
U. 8. RUBBER COMPANY MACHINE 
Comparable 
Min. Ce. units Ce. 
20 sia ee 4.87 
30 5.29 10 4.61 
45 4.77 9.02 4.80 
60 4.82 9.11 4.67 
90 4.87 9.21 “a 
NEW JERSEY ZINC COMPANY MACHINE 
Comparable 
Min. Ce. units Ce. 
20 ree re 2.67 
30 3.20 10 2.20 
45 2.57 8.03 1.95 
60 2.37 7.41 2.01 
90 2.36 7.36 5 


@ Includes 10 minutes of extra cure to compensate for extra thickness of 


test pieces. 
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Gas black compounds are notoriously poor agers, and stock 
C represents what may be considered to be good by the 
usual method of compounding. Compound D, however, 
shows a substantial improvement in age resistance. 
ABRASION Loss. The relative losses on abrasion of com- 
pounds C and D were studied over a range of cures, five 
abrasion methods being used. These results are compared 
in Figure 13 and Table XII. The results by the different 


GOODYEAR U.S.RUBBER 


GRASSELLI 
N.J.ZINC 


© 20406080 20406080 20406080100 20 40 60 80 20 40 60 80 
TIME OF CURE : MINUTES AT 274°F. (134°C) 


COMPARABLE SCALE 


Figure 13. Asraston Loss or Gas Biack Stocks BY 
DirFERENT METHODS 


methods were all reduced to a comparable scale by arbitrarily 
fixing at 10 the abrasion loss of the 30-minute cure of stock C 
for each method and recalculating each set of values on this 
basis. Low sulfur stock D shows the lower abrasion loss by 
each method. 


UNAGED 


o 
AGED 7 DAYS 
OXYGEN BOMB 


AT 274°F. (134 
TIME OF CURE:MINUTES AT 274°F. (134°C) Figure 15. Eneroy Loss 


Figure 14. ABRASION Loss ON on Impact oF Gas Brack 
Acinec Gas Brack Stocks Stocks 


VOLUME LOSS -~-CC. IN IOMIN 


Asrasion Loss on Aaine. Figure 14 and Table XIII 
show the relative abrasion losses of compounds C and D 
after aging 7 days in the oxygen bomb at 158° F. (70° C.) 
and 300 pounds pressure, and 2 hours in the air bomb at 
260° F. (127° C.) and 80 pounds pressure. In each case, 
low sulfur compound D has the lower abrasion loss after 
aging. 

Enercy Loss on Impact. Hysteresis, expressed as per- 
centage energy loss, of compounds C and D are given in 
Figure 15 and Table XIV. These values were obtained by 
means of Liipke’s Impact Resiliometer and show compound 
D to be superior to C in mechanical properties, 
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TaBLE XIII. Asrasion Loss (KELLY MAcuINE) oF Gas 
Buack STocks AFTER AGING 
Vou. Loss AFTER Vou. Loss AFTER 


Press Cure Vou. Loss BEFORE 7 Days IN 2 Hours In 
AGING D — — a Boms 


Ce. X 100 Cc. X 100 Cc. X 100 Ce. X 100 Cc. X 100 Ce, X 100 
sia 420 a 980 ate 505 
580 250 1160 690 700 420 
380 205 920 560 555 385 
295 210 800 560 445 380 
235 eee 575 ; 395 cee 


TaBLE XIV. Enercy Loss on Impact or Gas Buack Stocks 
Press CurBp Enerey Loss 
aT 274° F. Compound C en D 
‘oO 
42.25 
39.75 


37 
38 





AGED 7 DAYS 
OXYGEN BOMB 


Cc 





AGED 2 HRS. 
AIR BOMB — 





Cc 





UNAGED 





alt | a 


Figure 16. FiLex-Crackinc or Gas 
Buiack Stocks 























Fiex-Crackine. Flexing tests were made on a De Mattia 
fatigue machine. Uniform flexing strips 25 mm. wide X 
6 mm. thick, cured with a half-round groove (3 mm. radius) 
across the middle of the strip to act as the flexing focus, were 
given one hundred thousand 180° flexing cycles at 82° F. 
(28° C.). The extent of cracking was estimated visually, 
and the results appear in Figure 16 and Table XV, the 
average condition of the four cures flexed being plotted in 
each case. 


TABLE XV. Fiex-Crackinc? or Gas Buack Stocks 


AaGgrp 7 Days IN AacEp 2 Hr. 1n 
Press Curs Bsrore Aa OxyoGrn Boma? Arr Boms¢ 
AT ae * Cc Cc D 
in. 


20 
30 
45 
60 
90 . 
* Visual estimate, 10 = , spectinen opened, completely through. 


+ At 300 pounds pressure and 158° F. 
¢ At 80 pounds pressure and 260% F. (127° C.) 


Unaged, the low sulfur compound D shows slightly more 
tendency to crack than does the high sulfur stock C. After 


aging in the oxygen and air bombs, however, this condition 
is reversed and D shows much less cracking than C. 
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CONCLUSION 


The advantages of low sulfur compounding are believed 
to be of value to the industry and to constitute a long step in 
advance in the field of rubber technology, the method having 
been recently adapted with success to a number of commer- 
cial products. This relatively new method has obstacles to 
overcome; the most difficult of these are the high set (at low 
temperatures) of fully cured rubber containing less than one 
per cent of combined sulfur, and the apparently greater 
difficulty of making it adhere to metals than when higher 
sulfur dosages are used. Much more research will be neces- 
sary to iron out these problems and to explain why 0.5 per cent 
of combined sulfur added by means of tetramethylthiuram 
disulfide gives a better aging product than does the same 
amount added as elementary sulfur. 

As for the future one can only guess at what sulfur ratios 
will be used ten years from now. The indications are that 
the decline of the past will continue and that the ratios of 
the future will probably be from 0.5 to about 1.5 per cent 
unless they disappear altogether, which could happen through 
complete displacement of sulfur by combinations of selenium 
or tellurium with organic disulfides or through discovery of 
still more efficient vulcanizing agents. There will probably 
always be uses for special compounds with higher sulfur for 
cements or adhesive purposes, for which reason the line of 
maxima in Figure 1 has been speculatively extended:to 4 per 
cent for 1943. 

ACKNOWLEDGMENT 


The writers are indebted to M. J. De France, Goodyear 
Tire and Rubber Company, for abrasion figures obtained 
on the Goodyear abrasion machine; to G. 8. Haslam, New 
Jersey Zinc Company, for abrasion figures obtained on the 
New Jersey Zinc Company and U. S. Rubber Company 
abrasion machines; to H. E. Elden, Dunlop Tire and Rubber 
Corporation, for resilience values obtained on the Dunlop 
Pendulum Hysteresis machine and to Paul Liipke, Jr., Essex 
Rubber Company, for the use of his Impact Resiliometer. 


LITERATURE CITED 


(1) Blake, J. T., Inv. Ena. Cuem., 22, 746 (1930). 

(2) Boggs, C. R., and Blake, J. T., Ibid., 22, 749 (1930). 

(3) Bruni, G., and Romani, E., Giorn. chim. ind. applicata, 8, 351 (1921); 
India Rubber J., 62, 63 (1921). 

(4) Edland, L. A., U. 8. Patent 1,875,997 (Sept. 1, 1932). 

(5) Goodyear, Charles, U. S. Patent 3,633 (June 15, 1844). 

















167 


[Translated for Rubber Chemistry and Technology from La Revue Générale du Caoutchouc, Vol. 10, 
No. 94, pages 3-23, September, 1933.] 


The Problem Whether Litharge Is 


an Antioxygen or a Prooxysgen 
toward Rubber 


The Practical Consequences 


Charles Dufraisse, Nicolas Drisch, and (Mme.) Denise Pradier-Gibello 


LABORATORY OF ORGANIC CHEMISTRY, COLLEGE DE FRANCE, Paris 


I. THEORETICAL PART 


In work which was the subject of an address before the second International 
Congress of Rubber Technologists! we were surprised to find that the oxidation of 
rubber is accelerated by litharge, in view of the fact that this product has the 
reputation of protecting rubber against attack by atmospheric oxygen, at least 
during vulcanization, where in its presence it is possible to operate in hot air. 

Comments made to us at that time by several technologists, as well as our own 
ideas, led us to undertake a more detailed study of this phenomenon. Later sys- 
tematic experiments were undertaken, and these were the subject of two brief com- 
munications.2* The present paper covers the complete series of researches. 


Historical 


For a long time very little attention has been paid to the secondary effects taking 
place during the oxido-aging of rubber and brought about by litharge, a reagent the 
use of which as an adjuvant of vulcanization has shown such remarkable progress. 

A work by Victor Henry‘ in 1910 should be mentioned first of all. He reported a 
protective action of litharge against light. 

Later in 1921 the harmful action of minium (Pb;0,) was pointed out by King,® 
but this in itself did not prove whether other oxides of the same metal necessarily 
behave in the same way. Bierer and Davis® were the first to mention a deteriorat- 
ing action which could be attributed to litharge. In accelerated aging in the Geer 
oven, samples with a high litharge content lost their mechanical properties in an 
abnormally rapid way, although they resisted natural aging very well. In a com- 
parison by their method of oxygen under pressure, the two authors published data 
proving that mixtures with diphenylguanidine require much longer to deteriorate, 
and in resuming the subject the following year,’ they came to a similar conclusion. 

Following various experiments by Park® and by van Rossem and Dekker,® the 
deleterious effect of lead was definitely established by Kirchhof,!® who classified 
this metal after iron, copper, and manganese. 

According to Tener, Smith, and Holt,!! the poor behavior of mixtures containing 
litharge is manifest chiefly when hot, a fact which these authors attribute to an 
after-vulcanization which is accelerated by the litharge. 

‘ Finally Vogt'? studied the artificial aging of rubber mixtures with a litharge 
ase, 
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Experiments with Mixtures Having Simple Compositions'* 


The first part of the present investigation comprises experiments carried out on 
mixtures with the simplest compositions in order to avoid secondary effects. With 
this in view, first latex crepe was tested with six parts sulfur and with litharge at 
two concentrations, five and ten per cent. For comparison, there was chosen an 
ordinary mixture containing diphenylguanidine, which was slightly overvulcanized 
so that its aging would be rather poor. 

This accelerator was selected from those which are now used industrially because 


Figure 1 Figure 2 


~~ yO : 57,72 
ESA te $42 2L 

AND "1 Lf - fone 
DARKNESS 3; soo Xf 7 


tc 
Cae | hes 
200 fi7 7 
7 


ww 
5% Litharge ; 
10% Litharge f 











anmm. 
a 
°o 











, Nc. 15 = 
Le = 


r Rowe 
4 \ vot — 


é ° 
wale, 15! pitt 


¢ 
a 














Height of mercury ii 














§ 10 
ad Hours of heating 


/ 80°C ot 
300 a i 


FS 


G 














2 
~) 


ad 
a 











N 
d 
Jo Oxygen absorbed 





4 
se 





r) 


. - 




















a 
E 
E 
5 
v 
- 
v 
fe 
° 
a 
) 
v 
x 


pis 
4 é 30 60 30° 
Hours of heating Hours of heating 








Figure 3 Figure 4 


The tendency to oxidize as a function of the litharge content, the time of vulcanization, and the 
temperature. 

In the experiments represented by Fig. 4, larger quantities of oxygen were used than in the other 
experiments, in order to carry the oxidation beyond the points corresponding to saturation of all the lead 
sulfide, viz., 1.3 per cent and 2.5 per cent (in most cases the total oxygen brought in contact with the 
samples hardly exceeded 1 per cent). 

On the same diagram (Fig. 4) is shown on the right hand ordinate the oxygen absorbed based on 100 
parts of the mixture (it should be noted that in the calculations the litharge contents are based on 100 
parts of rubber and not on 100 parts of the mixture). 


it does not have a pronounced effect on autodxidation,! and also because it re- 
quires a time of cure which is comparable with that of litharge. 

The degree of vulcanization, as is known, exerts a marked effect on the tendency 
of rubber to oxidize (see note 1 in particular), and it is important to avoid such 
a source of error. The cures likewise were carried out in such a way as to cover a 
wide range of states of vulcanization, which made it possible to establish the true 
effect of the time of vulcanization. 

When cold (Fig. 1), all the mixtures containing litharge absorbed oxygen con- 
siderably more rapidly than did the control with diphenylguanidine, irrespective of 
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the state of vulcanization. Those vulcanized the most, however, were the most 
readily oxidized, as was to be expected. 

Elevation of the temperature to 80° C. (Fig. 2) appeared to diminish the differ- 
ences between litharge and the organic accelerator, an effect which was accentuated 
at 100° C. (Fig. 3). It is probable that at the temperature of vulcanization 
(140° C.) the tendencies to oxidize become still more nearly the same, in fact they 
may even reverse their order. The liberation of considerable quantities of water, 
which makes valueless any measurements of the volume, prevented working at 
temperatures above 100° C. 

There was no proportionality between the rate of oxidation and the litharge 
content. In several experiments the mixture containing five per cent litharge, 
which was a little less easily oxidized at first, tended later to overtake and even to 
exceed the mixture containing ten per cent litharge. 

The Effect of Lead Is Catalytic—These experiments, in which according to our 
usual method not over one per cent of oxygen was absorbed by the material, gave 
information only as to the trend of the initial oxidation. Under ordinary conditions 
it is of no interest to carry the oxidation further, since beyond this point the sub- 


TABLE [ 


CoMPOSITIONS AND TIMES OF VULCANIZATION OF MrixtTuREs wiTH HicH CoNTENTS OF 
RUBBER 


Correct 
Time of Vulcanization Actual Times of 
Mixtures at 143° Vulcanization 


Crepe 100 


Litharge 5 60 to 80 minutes 30, 60, 90, 120 minutes 
Sulfur 6 


Crepe 100 
Litharge % 30 to 40 minutes 15, 30, 45, 60 minutes 


Sulfur 

ae 100 

Diphenylguanidine 1 60 minutes 75 minutes 
Zine oxide 5 

Sulfur 3.5 


Comparative Summary of Experiments on Mixtures of Simple Compositions, before 
and after Heating at 80° in the Presence and in the Absence of Oxygen 


stance is usually changed profoundly.’* This brings up the question whether the 
acceleration of the absorption of oxygen is a result of a catalytic action on the oxida- 
tion of the rubber, or whether it is due to the oxidation of lead sulfide formed during 
the vulcanization. 

The transformation of lead sulfide into sulfate, according to the equation: 


PbS + 202. —> PbSO, 


requires in fact quantities of gas which are far from negligible when there are several 
per cent of lead oxide in the mixture. 

Where oxidation of the sulfide has consumed a considerable part of the oxygen 
absorbed, this would be manifest on the diagrams by some unusual indication of a 
decrease in the rate after complete oxidation of the sulfur. In an additional experi- 
ment, the usual limit of initial oxidation (approximately one per cent of fixed 
oxygen) was exceeded in order to reach and in fact to exceed by a wide margin the 
point corresponding to the transformation of all the lead into sulfate. 
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This point of saturation by oxygen is shown on each of the two curves in Fig. 4. 
In this range there is no indication of any anomaly which would lead one to suspect 
a preferential oxidation of the lead sulfide. 

The effects of the lead introduced into rubber mixtures in the form of litharge do 
not therefore depend, as might have been thought, upon the fact that the sulfide 
formed absorbs oxygen itself, thus diverting it from the rubber. It is difficult to 
exaggerate the general interest in knowing whether it is the rubber itself which fixes 
the oxygen or whether it is one of the ingredients in the rubber. Thus as we have 
already observed,?* it is always dangerous for a delicate substance like rubber 
to be in contact with an autoéxidizing substance; there is the risk of oxidation 
of the rubber by entrainment or coupled oxidation, and furthermore the rubber is 
exposed to catalytic effects, which are sometimes very powerful, as in the case of 
peroxides of autodxidation.'* Even if the lead sulfide were oxidized before the 
rubber, the result would probably be little better for the rubber, perhaps it would 
even be worse. 

The Effect on Mechanical Properties——The catalytic prodxygenic effect of litharge 
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Oxidation at 80° C. (Fig. 5) and in the cold in darkness (Fig. 6) of mixtures from Tables II and IIa 
cut out for the breaking tests. 

The right hand ordinates show the oxygen absorbed, based on 100 parts of the mixture. 

The experiments were stopped when the mixtures containing litharge had absorbed approximately 
0.8 per cent of oxygen. During the same time the samples containing diphenylguanidine bad absorbed 
only about 0.2 per cent. : 

For the effects upon the mechanical constants see Tables II and IIa (tests at 80° C.) and Tables III 
and IIIa (tests in the cold and in darkness). 
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having been demonstrated, it seemed advisable to study its effect upon the mechani- 
cal properties. The rubber was allowed to absorb oxygen sufficient to bring about 
marked deterioration, without too far advanced degradation. Eight-tenths of one 
per cent was found to be a’suitable proportion. The experiments were carried out 
under both hot (80° C., Fig. 5) and cold conditions (in darkness, Fig. 6). In the 
experiments under hot conditions, besides the usual sample with diphenylguanidine, 
a sample with litharge was prepared. These were maintained in a high vacuum 
(0.01 mm.) in order to follow the phenomena of after-vulcanization or any other 
phenomena due to heat alone in the absence of oxygen. 

Comparisons with the samples containing diphenylguanidine were made first of 
all after equal periods of aging (Figs. 5 and 6), but also on a basis of equal quantities 
of oxygen absorbed. 

Whereas the rubber vulcanized with diphenylguanidine showed practically the 
same deterioration when hot and when cold for the same degree of oxidation, the 
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rubber vulcanized with litharge behaved in a very different way. The oxidation 
itself had a much more deleterious action under hot than under cold conditions 
(Tables II, IIa, III, and IIIa). 

The results are in brief a confirmation of what has been recognized by certain of 
our predecessors®’1! while they also furnish precise data on the quantities of 
oxygen absorbed. 


TABLE IT 


AVERAGE TENSILE STRENGTHS IN G. PER Sq. Mm. 


Average Tensile Strengths in G. per Sq. Mm. 
e A Per Cent Loss Based 
After Heating 15.5 Hrs. on the Sample 
at 80° A 








— 





Sample = — oe Heated 
Containing Initially In Vacuo In Oxygen Initially In Vacue 


5% litharge 760 1045 428 (O2 absorbed: 0.8%) 44 60 
10% litharge 810 1057 557 (Oz absorbed: 0.8%) 31 47 
Diphenylguanidine 1445 1721 1427 (Oz absorbed: 0.24%) 1.5 17 


TABLE IIa 


AVERAGE ELONGATIONS AT RUPTURE IN PER CENT 


Average Elongations at Rupture 
in Per Cent Per Cent Loss 

= A Based on the Sample 

After Heating 15.5 Hrs. at 80° — ~ — 

Sample A Heated 

Containing Initially In Vacuo In Oxygen Initially In Vacuo 
5% litharge 869 882 664 (O» absorbed: 0.8%) 24 35 
10% litharge 801 789 686 (O2 absorbed: 0.8%) 14 13 
Diphenylguanidine 702 712 670 (O, absorbed: 0.24%) 5 6 


Comparative Summary of Experiments on Mixtures of Simple Compositions, before 
and after Oxidation in the Cold and in Darkness 








TaBLeE IIT 


AVERAGE TENSILE STRENGTHS IN G. PER Sq. Mm. 


Average Tensile Strengths in G. per Sq. Mm. 
c “~ Loss in Per Cent 
Sample ne After 180 Days in the Cold Based _on Original 
Containing Initially in Darkness in Oxygen Sample 
5% litharge 760 630 (O2 absorbed: 0.8%) 17 
10% litharge 810 647 (O2 absorbed: 0.8%) 20 
Diphenylguanidine 1445 1256 (O2 absorbed: 0.2%) 12 





TaBLeE IIIa 


AVERAGE ELONGATIONS AT RUPTURE IN PER CENT 





Average Elongations at Rupture in Per Cent 
r a Loss in Per Cent 
Sample a After 180 Days in the Cold Based on Original 
Containing Initially in Darkness in Oxygen Sample 
5% litharge 869 675 (Oz absorbed: 0.8%) 22 
10% litharge 801 628 (O2 absorbed: 0.8%) 21 
Diphenylguanidine 702 655 (O2 absorbed: 0.2%) 6 


Comparative Summary of Data on a Diphenylguanidine Mixture (Composition in 
Table I, but Sample Shown in Figs. 8 and 9, Therefore Different from that of Table IV. 
Time of Vulcanization: 60 Minutes), before and after Heating at 80° in the Presence 
and in the Absence of Oxygen 
The Averages, Which Are the Only Data Given Here for This Experiment, Represent 
6 Tests on the Original Sample and 3 Tests for Each of the Heated Samples 
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Judged by their mechanical properties (Tables III and IIIa), the mixtures 
vulcanized with diphenylguanidine and with litharge behaved in the same way 
during aging in the cold, as was found by Tener, Smith, and Holt." On the con- 
trary, the extent of oxidation of the mixtures containing litharge was four times as 
great as the oxidation of mixtures containing diphenylguanidine. 

Consequently when cold a given quantity of oxygen was less deleterious in the 


presence of litharge. 
This fact has a practical bearing which is all the more interesting because the 


Tensile strength Percentage 
(grams per sq.mm) elongation 


50 
Minutes of vulcanization 
Figure 7 


Loads and elongations at rupture of industrial 
mixtures (Table V) as a function of the time of 
vulcanization (see Tables VI and VIa). 

Loads and elongations at rupture of industrial 
mixtures (Table V) as a function of the time of 
vulcanization (see Tables VI and VIa). 


work was carried out under conditions of storage which approximated actual condi- 
tions. It was possible therefore to calculate by extrapolation, without too much un- 
certainty, the time corresponding to natural aging. According to the law of mass 
action, 180 days in oxygen, which was the period of our tests, should correspond to 
approximately two and one-half years of storage in air. 

In addition to the comparisons on a basis of equal times, a test was carried out, 
as has been said earlier, which was based on equal degrees of oxidation. Actually 
oxidation of the sample vulcanized with diphenylguanidine was not carried to the 


TABLE IV 


AVERAGE TENSILE STRENGTHS IN G. PER Sq. Mm. 
Loss in Per Cent 


Average Tensile Strengths in G. per Sq. Mm. Based on the 
~—— Sample 








After Heating 39 Hours at 80° 





Sample 
Containing 


ne H d 
Initially In Vacuo in Oxygen Initially In = 
Diphenylguanidine 1332 1590 252 (O, absorbed: 0.7%) 81 84 


TABLE [Va 


AVERAGE ELONGATIONS AT RupTurRE IN Par Cent 
Loss in Per Cent 


Average Elongations at Rupture, in Per Cent Based on the 
A ~ Sample 


After Heating 39 Hours at 80° - ~ 











Sample Heated 
Containing Initially In Vacuo In Oxygen Initially In Vacuo 


Diphenylguanidine 702 692 370 (O, absorbed: 0.7%) 47 47 
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extent of 0.8 per cent of oxygen absorbed, as were the samples containing litharge, 
since at 80° C. 0.7 per cent absorption (Tables IV and IVa)" caused the samples to 
lose more than 80 per cent of their mechanical strength. With more advanced 
degradation, the Schopper measurements no longer would have had any meaning. 

This showed even more distinctly that the same quantity of oxygen absorbed 
was much better tolerated by rubber in the presence of litharge than in the presence 
of diphenylguanidine. 

Figure 8 Figure 9 
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Oxidation at 80° C. (Figs. 8 and 9) and in the cold in darkness (Figs. 10 and 11) of samples cut out 
for the breaking tests (industrial mixtures I and II in Table V, vulcanized to different degrees). The 
right hand ordinates show the oxygen absorbed based on 100 parts of rubber. The mixtures containing 
diphenylguanidine with much higher rubber content do not show the same relations as do those contain- 
ing litharge between the heights of the mercury column and the percentages of the oxygen absorbed 
for the same weight of mixture. In order to make comparison easier, the curves of the mixtures with 
diphenylguanidine are based only on the percentages of oxidation (shown on the right hand ordinates). 
he ee ~ Mg case of these curves the heights of the mercury column (the left hand ordinates) should 

e disregarded. 

For the effects on the mechanical constants see Tables IV and IVa (diphenylguanidine mixture tested 
at 80° C.), VI and VIa (industrial mixtures tested at 80° C.) and VII and VIIa (industrial mixtures 
tested in the cold and in darkness). 
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Experiments on Industrial Mixtures 


Because of reasons given at the beginning of this work, the foregoing experiments 
were carried out with mixtures which were somewhat theoretical, 7. e., somewhat 
far removed from mixtures actually used in manufacture. A new series of tests 
was carried out with two types of industrial mixtures, the compositions of which are 
given in Table IV. 

In general the same results were obtained as with the simple mixtures, though 
the corresponding rates of oxidation and of alteration were far different as a result 
of the differences in the ingredients used (Figs. 8, 9, 10, 11, 12, 13, and 14). Here too 
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oxygen was found to be more deleterious when hot than when cold; the same quan- 
tity of this gas was distinctly less well tolerated at 80° C. than at ordinary tempera- 
ture (Tables VI, VIa, VII, VIIa). Moreover 0.7 per cent of oxygen (based on the 
weight of the rubber) did not bring about so destructive an action as on the rubber 
containing diphenylguanidine (Tables IV and IVa). In diffused light and in the 
cold the samples behaved almost the same as in darkness (Tables VIII and VIIIa, 


Figs. 12 and 13). 
COLD ann EXPOSED TO LIGHT 
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Figure 12 Figure 13 


Oxidation in the cold in diffused light of samples cut out for the breaking tests (industrial mixtures I 
and II of Table V vulcanized 35 and 40 minutes). 

The right hand ordinates show the oxygen absorbed based on 100 parts of rubber. 

For the effects on the mechanical constants of Ic and IIc, see Tables VIII and VIIIa. 
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Comparative oxidations at 100° C. based on 
equal weights of rubber of an industrial mixture 
containing litharge (formula 1 of Table V) and of a 
mixture containing diphenylguanidine (Table I), 
tested both unvulcanized and vulcanized. 

In these experiments the mechanical constants 
were not measured. 


Comments on the Deteriorating Action of Oxygen 


Numerous authors have shown that oxygen is the principal agent in the deteriora- 
tion of rubber (see Note 13 in the bibliography). The experiments which were 
the subject of the present study again furnish proof of this. It is clearly seen in 
Table II, where the aging was at 80° C. in the absence of oxygen, that not only has 
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there been no alteration of the samples, but they have even improved as the result 
of a slight after-vulcanization which has brought them to their optimum mechanical 
strength. 

However, certain samples, mixture Id in the cold for example (Table VII), 
seem to be an exception, for they deteriorated in vacuo. This was due to the fact 
that circumstances prevented us from enclosing the samples in a vacuum shortly 
after their preparation. We were dealing with substances which are easily oxi- 


TABLE V 


First Formula Kind of Rubber Second Formula 
Variation I thin first latex crepe Variation IT 
Variation £' ... 6.6... 600s standard smoked sheet Variation IT’ 


Lithopone......... Brown floating factice (French para) 
Zinc oxide......... Liquid mineral oil 
Litharge Meudon white 
Sulfur : Slaked lime 
Litharge 
Sulfur 


Comparative Summary of Experiments on Commercial Mixtures, before and after 

Heating at 80° C. in the Presence of and in the Absence of Oxygen. The Duration of 

the Heating of the Sample Exposed to Oxygen and of the Corresponding Sample Jn 
Vacuo Is Shown Inside Parentheses for Each Experiment 


TABLE VI 
AVERAGE TENSILE STRENGTHS IN G. PER Sq. Mm. 


Average Tensile Strengths in G. per Sq. Mm. Loss in Per Cent 





c 


~ ased on 
After Heating at 80° Original Sample 





a mn) 


(O; Absorbed: 0.7%) Heated 
Sample Initially In Vacuo In Oxygen Initially In Vacuo 
180 1.525 685 (heated 55 hours) 55 
.622 1.422 833 20 3 41.5 
.550 851 
.546 . 243 800 36 
.455 .173 642 45 
134 .189 437 63 
.393 .405 788 44 
.310 752 
. 296 . 262 778 38 
.060 .058 603 43 
.470 .365 1041 24 
. 260 844 


.160 1.152 703 39 


Mixtures 
with 
pale 


crepe 
II 








Mixtures | I’ 

with 

smoked 

sheet | II’ II’b 


st 


_ 


dized, and in contact with air these substances are loaded with deleterious peroxides 
which cannot be removed in vacuo, and therefore accomplish their destructive work 
in spite of the absence of oxygen, as in the experiments by Temple, Cadwell, and 
Mead.'* It is reasonable therefore, in spite of appearances, to attribute the 
phenomena to oxido-aging. It should be noted moreover that the samples which 
were the most easily oxidized were the very ones which deteriorated the most rapidly 
in vacuo. 
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From the point of view of their behavior in vacuo, mixtures of the second type 
doubtless owe their superiority to the presence of supplementary ingredients, such 
as factice and mineral oil. 


TABLE Via 


AVERAGE ELONGATIONS AT RuptuRE IN PER CENT 
Average Elongations at Rupture Loss in Per Cent 
A ased on 
After Heating at 80° Original Sample 





— 








Original In Heated 
Sample Sample Vacuo (O2 Absorbed: 0.7%) Initially In Vacuo 
567 584 (heated 55 hours) 0 
512 428 20 24 16 
Mixtures 408 24 
with 466 396 26.5 
pale f 445 310 
crepe 604 594 
570 501 
458 
548 461 
503 376 
Mixtures 475 468 
with 397 
smoked 
sheet i’ i’) 551 474 


Comparative Summary of Experiments on Industrial Mixtures Stored in the Cold in 
Darkness in the Presence and Absence of Oxygen 








TABLE VII 


AVERAGE TENSILE STRENGTHS IN G. PER Sq. Mm. 


Average Loads at Rupture in G. per Sq. Mm. 
> Loss in Per Cent 
Stored in the Cold in Darkeness Based on the 
- Sample 


In Oxygen - 
Sample Initially In Vacuo (Oz absorbed: 0.7%) Initially In Vacuo 
1622 1545 1100 (82 days) 
Mixture I 1546 1267 1151 (44 days) 
1455 1123 885 (22 days) 
IIb 1393 1389 1109 (90 days) 


Mixture II < IId 1286 1282 1106 (46 days) 
Ile 1060 1075 923 (22 days) 











TaBLeE Vila 


AVERAGE ELONGATIONS AT RuptTurRE IN PER Cent 


Average Elongations at Rupture in Per Cent 
- ~ ~ Loss in Per Cent 
Stored in the Cold in Darkness Based on the 
~ a Sample 


In Oxygen n 
Sample Initially In Vacuo (QO: Absorbed: 0.7%) Original In Vacuo 
Ib 538 465 7 days) 17 
Mixture I Id 456 436 (44 days) 19 
le 435 338 (22 days) 35 
IIb 571 534 +3 days) 10 
Mixture u 9 530 494 (46 days) 13 
e 











500 447 (22 days) 14 


Comparative Summary of Experiments on Two Commercial Mixtures (Ie and IIe in 
Fig. 5) Stored in the Cold and in —— in the Presence and or in the Absence of 
xygen 





177 


Influence of Antioxygens 


Although, as has just been seen, litharge has the fortunate property of diminish- 
ing the deleterious effect of oxygen, it has also the unfortunate disadvantage of 


TaB_E VIII 


AVERAGE TENSILE STRENGTHS IN G. PER Sq. Mm. 


Average Tensile Strengths in G. Per Sq. Mm. Per Cent Loss 
- Based on the 


Stored in the Cold in Diffused Light Sample 


In Oxygen 4 Stored 
Initially In Vacuo (Oz Absorbed: 0.71%) Original in Vacuo 


1550 1288 1142 (47 days) 26 11 
1310 1341 1162 (56 days) 12 13 


TaBLeE VIIIa 


AVERAGE ELONGATIONS AT RUPTURE IN PER CENT 


Average Elongations at Rupture, in Per Cent Loss in Per Cent 
m Based on the 


Stored in the Cold in Diffused Light Sample 
Original In Oxygen Stored 
Sample In Vacuo (O2 Absorbed: 0.71%) Original in Vacuo 
538 462 422 (47 days) 21 9 
562 538 506 (56 days) 10 6 


Figure 15 Figure 16 
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promoting the absorption of oxygen. It was therefore natural to consider over- 
coming this disadvantage by antioxygens. 

These substances, introduced into a vulcanized mixture by the simple expedient 
of diffusion, brought about an appreciable improvement, though their penetration 
was doubtless impeded by the high content of mineral fillers (Figs. 15, 16, 17, and 
18). At the head are placed the substances known to have customarily the most 
intense antioxygenic effect, viz., hydroquinone, naphthols, diarylamines, etc. 

Accordingly in antioxygens lies the means of correcting in part the failure of 
litharge to accelerate the fixation of oxygen by rubber. 


General Considerations 


Some definite conclusions have resulted from this study. 

1. Litharge acts as a proéxygen and not, as has been supposed in the past, as an 
antioxygen. 

2. Litharge does not protect rubber against heat. 

3. On the contrary, litharge diminishes the harmful effect of oxygen on rubber. 

4. This favorable action is more pronounced in the cold than when hot. 


How can these observations be reconciled with the reputation of litharge for 
being suited to vulcanization in hot air? It seems as if there were something in- 
compatible between these two facts. True it is proved by experiments described 
in the present work that the beneficial effects of litharge during vulcanization in 
hot air do not in any way depend upon a protective action against the surrounding 
oxygen. What then is the cause of the well recognized beneficial effects which are 


credited to it? Without question this is difficult to determine. Does it not cause 
a sort of prevulcanization, which gives a certain premature rigidity to the mass, 
and prevents it from flowing and turning to fat? Such a prevulcanization would 
have to be brought about either by a catalytic action of the oxygen or by a local 
vulcanization around each particle of litharge, caused by a reaction of the oxide 
with the sulfur. In any case there is, as has been known for a long time (see for 
example Note 15), considerable reaction at temperatures only a little above 100° C. 

The reason why litharge gives beneficial results during vulcanization in hot air is 
therefore a completely unanswered question. 


Practical Conclusions 


Since litharge, instead of protecting rubber against oxygen, facilitates the attack 
by the latter, when this adjuvant is used the chief aim should be to prevent any 
influence of air during heating, particularly with products having a large surface. 
This can be brought about either by operating in inert gas or by the addition of an 
appropriate antioxygen. 

Because of its property of diminishing the deleterious effect of absorbed oxygen, 
litharge should be of advantage under conditions where it is possible to diminish 
the rate of oxidation, either by the exclusion of air or by the addition of antioxygens. 


1I. EXPERIMENTAL PART 


1. Mixtures Containing High Proportions of Pure Rubber and Low Proportions 
of Litharge 

A. Study of the Tendency to Oxidize—Two mixtures with a litharge base (Table I) 

were vulcanized for increasing times, including the time of vulcanization which was 

assumed to be the correct one, in order to obtain normal vulcanization as well as 


under- and overvulcanization. 
The sample containing diphenylguanidine was slightly overvulcanized in such 
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a way as to have a control sample of rather poor quality. All samples were vul- 
canized in sheets 1 mm. thick. These different samples, divided into small pieces, 
were oxidized by free oxygen in darkness, both at ordinary temperature and when 
hot (80° to 100° C.) according to the method already described! (Figs. 1, 2, and 3). 

The graphs were obtained by plotting the times as abscissae and the heights of 
the mercury column in the manometer as ordinates. It should be mentioned that 
the data have only a comparative value, and that it is necessary to understand the 
characteristics of the apparatus in order to be able to determine the degree of oxida- 
tion in absolute terms (the rates of oxidation appear on several diagrams which 
follow). 

Moreover attention should be called to the fact that the inflection of the curves 
in the upper part is due to the rarefaction of oxygen in the container, and does not 
correspond in any way to a decrease of the tendency to oxidize. 

These curves show that: 

1. The rate of oxidation of vulcanized mixtures containing litharge is always 
greater than that of mixtures containing diphenylguanidine, regardless of the 
degree of vulcanization. 

2. At the beginning of oxidation, undervulcanized samples oxidize more rapidly 
than samples which are overvulcanized. However at the end of a short time the 
rate of oxidation of undervulcanized samples diminishes, and this rate then be- 
comes directly proportional to the degree of vulcanization. 

It should be mentioned that this influence of the degree of vulcanization is of 
greater importance in tests in the cold (Fig. 2) than in tests at 80° C. (Fig. 1). 

3. The experiment at 100° C. (Fig. 3), which was carried out on the samples 
both before and after vulcanization (10 per cent of litharge as well as of diphenyl- 
guanidine) show that: (a) the tendency of unvulcanized mixtures to oxidize is less 
than that of the corresponding vulcanized mixtures, and (6) in the case of vul- 
canized samples at this temperature, the differences between the tendency of 
samples vulcanized with litharge and of the same tendency of the control sample 
with diphenylguanidine to oxidize is much smaller than at 80° C., where a small 
difference in the same sense compared with the test in the cold was observed. 

Oxidation Continued beyond the Point of Saturation of Lead Sulfide—In this 
experiment two samples containing five and ten per cent, respectively, of litharge, and 
vulcanized 60 and 30 minutes, were used, 7. e., two samples vulcanized to the 
correct degree (see Table I). The control sample with diphenylguanidine was the 
same as in the preceding experiment. 

The samples (1 gram each) were placed in a bulb of 80 ce. capacity, which thus 
assured a sufficient volume of oxygen. 

Calculations show that complete oxidation of the lead sulfide contained in one 
gram of each sample required in the case of the sample with five per cent of litharge 
1.29 per cent of its weight of oxygen, and for the sample with ten per cent of litharge 
2.47 per cent of its weight of oxygen. 

These absorption values corresponded to rises in the barometric column (calcu- 
lated according to constants of the apparatus) of 108 mm. of mercury in the first 
case and of 205 mm. in the second case. They are shown in Fig. 4. No discon- 
tinuity, nor even the least inflection, was evident in the course of the oxidation at 
the moment of the supposed saturation of the lead. 

B. The Influence of Oxidation on the Mechanical Properties—The mechanical 
properties of the samples were determined; they were then oxidized both in the 
cold (Fig. 6) and at 80° C. (Fig. 5), and after this aging the mechanical properties 
were again measured. For this purpose the three mixtures described above (Table 
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I) vulcanized to the correct degree in sheets 5 mm. thick (giving 6 rings for the 
Schopper test) were utilized. Each mixture was divided into three parts, so that 
three theoretically identical vulcanized sheets were obtained. The mixture with 
5 per cent of litharge and the control mixture with diphenylguanidine were heated 
60 minutes at 143° C.; the mixture with 10 per cent of litharge was heated 30 
minutes at the same temperature. 

Initial Mechanical Properties—The test was made on a part of the samples after 
a day of rest. In order to allow for small differences in the state of vulcanization 
which might exist among the different sheets of the same mixture, two rings from 
each of the three sheets were taken, 7. e., six rings for each test. 

Tables II, IIa, III, and IIIa give the average values obtained in these tests. 

Oxidation at 80° C-—The six rings from each sample which were to be oxidized 
were placed in two flasks of sufficient size so that the rings were not deformed in 
any way, 7. ¢., three in each flask. In this way the change in the height of the mer- 
cury corresponding to the absorption of oxygen was increased. 

The control samples (three rings from each sample) were placed in flasks identical 
with the preceding ones, and were then subjected to a vacuum of 0.01 mm. by a 
mercury pump, as determined by a McLeod gage. At the end of twenty-four 
hours evacuation was again carried out, whereupon an evolution of about 0.5 cc. 
of gas from the three flasks was found. The flasks were then sealed, and were 
heated in the same way as were the samples which were oxidized. 

The experiment was stopped at the end of fifteen and one-half hours of heating 
at 80°C. Fig. 5, where the relation between the levels of the mercury and the per- 
centage oxidation is given, shows that the two samples with litharge had absorbed 
0.8 per cent of their weight of oxygen; the sample with diphenylguanidine had ab- 
sorbed 0.24 per cent of oxygen. 

The mechanical tests were made after one day of rest in darkness and in the cold. 
Tables II and IIa give a summary of the experimental results. These tables show 
that in the case of the samples with litharge the tensile strengths diminished about 
fifty per cent based on the control sample heated in vacuo, while the sample with 
diphenylguanidine diminished only 17 per cent. 

It should be noted that the mechanical properties of the samples increased when 
heated in vacuo, which shows that they were slightly undervulcanized and therefore 
reached their normal condition on heating. 

Oxidation in the Cold in Darkness——The same samples were used as in the pre- 
ceding experiment and in the same form, except that three rings were tested. No 
control sample was placed in vacuo. The test was stopped at the end of 180 days 
when the two samples of litharge had absorbed 0.8 per cent of oxygen (by weight of 
the rubber), and when the sample with diphenylguanidine had absorbed 0.2 per cent 
(Fig. 6). 

Tables III and IIIa give in summary form the experimental results of the me- 
chanical tests. 

It is seen from these results that (1) the mixtures with litharge, though having 
absorbed four times as much oxygen as the control mixture with diphenylguanidine, 
deteriorated but little more than the latter, particularly in loss of tensile strength, 
which varied only between 20 and 14 per cent; (2) if this aging is compared with 
that in the experiments at 80° C. (Tables II and IIa) the same absorption of oxy- 
gen (0.8%) was far more deleterious to the mixtures with litharge oxidized at 
80° C. (50-60% loss in tensile strength) than to the mixtures oxidized when cold 
(17-20% loss in tensile strength). 

On the other hand in the case of mixtures with diphenylguanidine, there was 
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virtually the same deterioration for the same absorption of oxygen, whether the 
aging was carried out hot or cold. 

Extensive Oxidation of a Sample with Diphenylguanidine—The oxidation of a 
sample with diphenylguanidine was continued until 0.7 per cent of oxygen had been 
absorbed at 80°C. Tables IV and IVa show the tremendous decline in mechanical 
properties. These mixtures were vulcanized in a press at 138° C. for 10, 30, 35, 
40, and 55 minutes. The 10-minute period represented undervulcanization, the 
30, 35, and 40-minute periods were in the range of the correct cure, and the 55- 
minute period represented overvulcanization. The unvulcanized mixtures were 
preserved. 

Mechanical Tests before Oxidation—Three rings from each mixture were used for 
determining the original mechanical properties. Tables VI, VIa, VII, VIIa, VIII, 
and VIIIa give the results of these tests. The majority of the mechanical tests of 
these mixtures were made with only three rings, but since a series of samples were 
included the different results serve to complete and check one another. 

Fig. 7 gives the curves of vulcanization obtained from the data on mixtures I 
and II. There is practically no plateau on the curves, which necessitates a careful 
control of the time of vulcanization of these mixtures if the optima mechanical 
properties are to be obtained. 

Oxidation at 80° C.—This experiment was carried out with three rings from 
mixtures Ia, Ib, Id, Ie and IIa, IIb, IId, Ile, I’b, I’d, and II’b. The oxidation 
was stopped when the proportion of oxygen absorbed had reached 0.7 per cent of the 
weight of the rubber, which represented (calculated from the constants of the 
apparatus and from the rubber content of the two series) an increase of 288 mm. 
of mercury for series I, and of 250 mm. for series IT. 

At the same time that the oxidized sample was removed, the corresponding 
control sample in vacuo was also removed, so that the two were heated the same 
length of time. 

The control sample with diphenylguanidine had the composition given in Table I. 

Three rings from each of the samples were placed in vacuo (0.01 mm.), and were 
heated under the same conditions as were the control samples which were oxidized. 

Figs. 8 and 9! show once more the great tendency of the samples vulcanized with 
litharge to oxidize compared with the control sample vulcanized with diphenyl- 
guanidine. ; 

The decidedly undervulcanized samples Ia and IIa were much less readily 
oxidized than were the normally vulcanized ones. Tables VI and VIa summarize 
the results of the mechanical tests made after 24 hours of rest in darkness on the 
oxidized samples and on the control samples heated in vacuo. 

Oxidation in the Cold and in Darkness—This test was carried out with three rings 
from each of the mixtures Ia, Ib, Id, Ie and IIa, IIb, IId, Ie. 

The oxidation was stopped when the oxygen absorbed had reached 0.7 per cent 
by weight of the rubber, which represented a.rise in the mercury of 240 mm. for 
mixtures I, and of 205 mm. for mixtures II. Figs. 10 and 11 show the results of the 
oxidation of these mixtures.” 

Tables VII and VIIa summarize the results of the mechanical tests of the various 
samples, except Ia and IIa vulcanized 10 minutes and the diphenylguanidine 
sample, which did not reach the desired 0.7 per cent state of oxidation. 

Experiment in the Cold and with Light—This test was carried out on samples 
Ic and IIc vulcanized 35 minutes, and on sample I’d vulcanized 40 minutes. The 
flasks were exposed to diffused light in front of a window. By proper shaking of 
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the flasks the rings were turned in such a way that all their surfaces were successively 
irradiated. 

Figs. 12 and 13 give the results of the oxidation of these mixtures. Tables VIII 
and VIIIa give the results of the mechanical tests after oxidation of samples Ic and 
IIc (the tensile strength of I’d was not measured). 

Oxidation at 100° C:-—This experiment was carried out in the same way as with 
the simple mixtures in the first part of this work, 7. e., on unvulcanized sample I, 
on vulcanized sample Ic and on the control sample with diphenylguanidine. Fig. 
14 shows the results of this oxidation. 

Influence of Some Antioxygens——These tests were made on mixture Ib by intro- 
ducing by the diffusion method the antioxygen in ether solution. The concentra- 
tions of the solution, and the time of immersion were calculated so as to introduce 
1 per cent of antioxygen into the rubber. This sample swelled with great difficulty, 
and diffusion of the antioxygen was perforce very poor. 

Figs. 15, 16, 17, and 18 give the results of these tests of antioxygens. The sub- 
stances tested included those in the following list, which are tabulated in the order 
of their diminishing activities. 


Antioxygens: phenyl-8-naphthylamine 
aldol-a-naphthylamine 
dinaphthylamine 
hydroquinone 
diphenylhydrazine 
B-naphthol 
cupferron 
benzidine 
m-toluylenediamine 
naphthohydroquinone 
p-nitrosodimethylaniline 
m-propylguaiacol 
trioxymethylene 
benzil 
quinoline 


Control 
Proéxygens: orthocresotinic acid 
hydrazobenzene 
piperidine 
pyridine 
triphenylamine 
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The Polymerization of Rubber, Isoprene, and Styrene by 
Light in the Presence of Sensitizing Agents! 
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CuermicaL LABORATORY OF THE UNIVERSITY OF ERLANGEN, GERMANY 
THEORETICAL PART 


Although according to Bernstein,? exposure of rubber solutions to light in the 
absence of air diminishes the viscosity of the solutions, it is the conviction of the 
present authors that this change takes place only when there is air over the solu- 
tions. In 1920 Porritt* observed that a rubber solution sealed off from contact 
with air gelatinized on exposure to light. Kirchhof* however found this to be true 
only with small quantities of rubber solutions in quartz tubes exposed to ultra-violet 
light. 

This reaction was of particular interest to the present authors because of its 
possible relation to the vulcanization reaction, which can be regarded as an increase 
in molecular size, and as the formation of chains of rubber molecules with and with- 
out sulfur. Irradiation is perhaps an effect similar to vulcanization, but is brought 
about by polymerizations. It was also of interest to compare irradiated and 
gelatinized sol rubber with gel rubber. All the experiments described in the 
present paper were carried out with water-clear sol rubber, which was prepared in 
most cases from crepe. 


I. Preparation and Properties of Irradiated Rubber 


In the initial experiments variable results were obtained. Ether solutions of 
rubber exposed in contact with nitrogen in sealed glass tubes to sunlight formed 
jellies in most cases. However the times required for the jellies to form under 
similar conditions of lighting varied greatly, and it frequently required weeks to 
obtain a jelly. This made it impractical to work under these conditions, and it 
was suspected that sensitizing agents, traces of oxidation products, impurities in 
the rubber, or catalytic influences played a part. Before these influences are dis- 
cussed, the products formed by irradiation of the ether solution will be described 
briefly. When exposure to light was sufficiently long, the irradiated rubber 
obtained by evaporation of the ether jelly was completely insoluble in ether. 
In this respect, as in other ways,® it resembles vulcanized rubber. When the 
irradiated rubber is stretched and is chilled in ice-water, it no longer behaves like 
raw rubber, for it creeps back, though not so quickly as vulcanized rubber. When 
the irradiated rubber is milled, it gradually becomes again soluble in ether. In 
this respect it resembles gel rubber, though it is essentially different from the latter 
in that before milling it does not go into solution in ether at all, even with the 
help of such agents as diethylamine, piperidine, and other agents which render 
gel rubber soluble.* The iodine number of irradiated rubber was 94-98 per cent of 
that of the sol rubber from which it was made. A considerable disappearance of 
double bonds does not therefore take place, although a decrease in the iodine num- 
ber does occur. Accordingly the importance of the light reaction from the chemical 
point of view probably lies in the fact that several rubber mols are united by 
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carbon bridges, and are therefore polymerized, without however any multiple tooth- 
like structure. The number of such places where polymerization occurs, 2. ¢., 
where double bonds, or a CH2 group and a double bond have united, is only 2 to 6 
per cent of all the double bonds. As judged by titration in the iodine chloride 
determination, irradiated rubber like gel rubber tends more toward substitution 
than does sol rubber. 

In a later work it will be shown that branched unsaturated chains are already 
partially substituted by iodine chloride when there is no longer a methyl group, but 
only an ethyl group as a side chain on the double bonded carbon atom (like rubber, 
trimethylethylene can be titrated, whereas 3-ethyl-3,4-pentene cannot be). It 
was therefore to be expected that a linking of several rubber molecules would 
result in an increased power of substitution by iodine chloride. The disappearance 
of a few double bonds without any accompanying decrease in solubility can prob- 
ably be explained on the assumption of an initial intramolecular cyclicization of the 
irradiated rubber. It is also reasonable to assume for other reasons’ that there is 
also polymerization. It was first of all found that the lowest ether-soluble rubber 
fractions (Nos. 1 and 2), which were probably of somewhat lower molecular weight, 
required a longer time to polymerize on exposure to light than did the higher frac- 
tions. Furthermore a complete parallelism was found between the light reaction 
of rubber and the polymerization of isoprene and of styrene by light, a parallelism 
which was also true of the influence of sensitizing agents on the reaction. 


II. Sensitizing Agents 


The discovery of a very pronounced sensitizing action of a large number of car- 
bonyl compounds made it possible to control and to reproduce at will the forma- 
tion of jellies from rubber solutions. 

The first compound used was eosin, which has already been frequently utilized as 
a sensitizing agent, and which was found by Tappeiner to have a bactericidal action 
upon exposure to light. Other quinoid dyes, like methylene blue and malachite 
green, were of no advantage, for they faded more quickly than did eosin and were 
inconvenient because of their slight solubility in ether. 

To simplify the active system, resort was had to aromatic ketones like benzo- 
phenone and benzanthrone, which also gave good results. Benzaldehyde likewise 
gave jellies, but as in the case of acetaldehyde the phenomena were not so simple as 
with ketones. The active system was simplified further by changing to aceto- 
phenone, and ultimately to diethylketone. Ethyl benzoate was fairly active, 
while aliphatic esters and colored hydrocarbons like perylene and carotene were 
inactive. 

In view of all this, it may be assumed that the carbonyl group is the active con- 
stituent.® Jelly formation in a rubber solution treated with eosin was manifest 
in about ten minutes when the solution was exposed in a quartz container to a mer- 
cury vapor lamp. In general long-wave ultra-violet radiation (280-315 ), which 
was transmitted by the glass vessels used, was active. By the use of sensitizing 
agents, the formation of jellies was possible with radiation of greater wave lengths. 
Thus with benzophenone, wave lengths of 315-400 X were effective, and with 
benzanthrone those of 315-420 \ were effective. By the use of eosin, jellies were 
obtained even from 0.2 per cent rubber solutions in carbon tetrachloride. 


Ill. The Polymerization of Isoprene and of Styrene by Light 


It was long ago observed by Wallach” that isoprene is polymerized by ultra- 
violet light to a solid white mass. This has however according to Harries! no 
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particular resemblance to rubber. In the present work, a study was made of the 
polymerization of liquid isoprene and of emulsions of isoprene in soap solutions in 
glass containers by the aid of light and sensitizing agents. It was found that the 
same carbonyl compounds which accelerate the formation of jellies from rubber 
solutions exposed to light of long wave length are also very active here. The syn- 
thetic isoprene-rubber obtained had iodine numbers of 94-99 per cent of the 
theoretical value, while considerable quantities of hydrogen halide were evolved. 
Insoluble rubber was formed more quickly from emulsions in stearate solutions than 
from emulsions in linoleate solutions. The rubbers from the linoleate solutions 
were, moreover, for the most part soluble in ether. 

It is also possible to polymerize liquid styrene easily to solid styrene resin in 
glass containers, both when hot and when cold, by the aid of carbonyl compounds. 
At room temperature several days were required with a 200-watt lamp; at 60-70° 
and with a 500-watt lamp polymerization took place in a few hours with the aid of 
benzophenone or benzanthrone. 

The complete analogy in the behavior of rubber, isoprene and styrene indicates 
that, under the conditions described, rubber polymerizes in a way which in the case 
of the other two hydrocarbons is made clear by the properties of the products 
formed from them. In this connection it should be mentioned that solutions of 
gutta-percha are also converted into jellies on exposure to light, though much 
more slowly than are rubber solutions. 


IV. The Mechanism of the Light Reaction 


The investigation of the problem of the mechanism of the reaction taking place 
in light has led us to assume that traces of activated oxygen probably play a decisive _ 
part, by setting a chain reaction in motion. At first glance the contrary seems 
to be the case with rubber, since occasionally a jelly formed in nitrogen reverts upon 
standing in the air to a thin liquid, and since exposure to light in air without a 
sensitizing agent does not in general lead to the formation of a jelly. With sen- 
sitizing agents present, the reaction proceeds two to three times as rapidly in com- 
mercial (cylinder) nitrogen containing oxygen as in pure nitrogen alone (see Table 8 
of the Experimental Part). Accordingly one is justified in assuming that small 
quantities of oxygen have a favorable effect, and in fact are probably even neces- 
sary. With ultra-violet light the favorable quantity of oxygen is less than in or- 
dinary light. However the most painstaking removal from the rubber samples of 
adhering oxygen increases the time of the reaction in this case also (Experiment 4 
in Section IIIb of Experimental Part). 

It may be assumed that the oxygen of the gaseous phase plays a part, because the 
formation of a jelly always commences at the gas-liquid interface. In other photo- 
chemical reactions the importance of the smallest quantities of oxygen has been 
proved (cf. the rate of oxidation of quinine sulfate, for which Weigert!? assumes a 
maximum rate at a minimum pressure of oxygen, which drops to zero with com- 
plete exclusion of oxygen). 

In our case the particular difficulty lay in the fact that rubber samples absolutely 
free from oxygen could not be prepared with any degree of certainty, and that 
during exposure to light these traces of rubber-oxidation products may form active 
oxygen. 

In the polymerization of isoprene by heat, small quantities of peroxides, oxida- 
tion products of rubber of the most varied types, and oxidation products of rubber 
and reagents which give off oxygen, are patented as accelerators.!* It can be 
demonstrated, as has been done by the present authors as well as by Staudinger and 
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Lautenschlager,'* that at first an isoprene molecule is transformed into a radical by 
unilateral addition of oxygen in 1-position and at the other end in 4-position, that 
this radical immediately combines unilaterally with another isoprene molecule to 
form a new radical, and that this continues until finally the chain reaction (chain 
formation) comes to an end through addition of some other component. 

That the last traces of oxygen take part in these reactions is evidenced by the 
fact that the so-called ‘‘antioxygens” e. g., hydroquinone, which Moureu and Du- 
fraisse introduced to stabilize unsaturated compounds, can completely prevent the 
reactions. 

In separate experiments it was proved that when carbonyl compounds are ex- 
posed to light, activated oxygen isformed. Moreover it has been shown by Noack!® 
that the bactericidal action of irradiated eosin (Tappeiner) depends upon activated 
oxygen. In the present work it was possible to prove with the same reagent, viz., 
a solution of benzidine containing sodium chloride, that upon exposure to light of 
carbonyl compounds, e. g., benzophenone, acetophenone and to a surprising degree 
diethylketone, activated oxygen is formed. All the foregoing makes it highly 
probable that the chain reaction is set in motion by activated oxygen, although the 
possibility that’ the start of the reaction is brought about by activated carbonyl 
compounds cannot be completely excluded. 

In order to test the behavior of heavy metals, especially iron, which accelerates 
many photochemical reactions, a one-per cent solution of rubber in carbon tetra- 
chloride was polymerized in the presence of hydrogen cyanide. One tube was 
saturated with the latter gas, while another was sealed with pure nitrogen. After 
exposure to a 200-watt lamp for 23 days the contents of both tubes were solidified to 
jellies. Under these conditions the catalytic power of iron must have been poisoned. 
Another parallel experiment with the addition of benzanthrone required, both with 
and without hydrogen cyanide, five days for the formation of a jelly. In experi- 
ments with ether solutions of rubber, in which the carbonyl compounds were re- 
placed by ferric chloride, ferric acetylacetonate and iron pentacarbonyl, the iron 
compounds were wholly inactive. 


DESCRIPTION OF THE EXPERIMENTS 
Preliminary Notes 


Sources of Light—Sunlight, diffused daylight, a quartz mercury vapor lamp, a 
500-watt incandescent lamp (‘‘Nitraphot”’), and a 200-watt incandescent lamp were 
used as sources of light. The spectra of the electric lamps extended to \ = 2800 
A. U. (measured after irradiation for 0.5 and 4 hours). 

Receptacles Exposed——Schlenk tubes, provided with a tube for introducing the 
gas and reaching to the bottom, were used for sealing the rubber solutions. The 
tubes could thus be sealed with nitrogen under pressure. The glass used allowed 
the passage of radiation up to \ = 2650 A. U., measured in an iron spark arc of 
very high light intensity, with the exposure for 4 minutes. The capacity of the 
tubes was approximately 60 cc. The distance of the irradiated vessels was 25 cm. 
from the artificial sources of light. 

The Raw Material—The rubber used was crepe extracted with cold acetone, and 
then separated into fractions by ether. On titration with iodine chloride, all frac- 
tions gave approximately the theoretical iodine numbers of 100 per cent.’® Six 
fractions were prepared. 

I. Experiments in Sunlight 


(a) Behavior of Various Fractions—After becoming convinced that rubber solu- 
tions which were sealed in nitrogen turned to jellies on exposure to light (see 
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Theoretical Part), the behavior of the various fractions upon exposure to light were 
investigated. Table I shows three series of experiments, each of which was carried 
out under exactly the same conditions, particularly with respect to the intensity of 
the light. In all cases 1 per cent solutions of rubber were used, except where ex- 
pressly stated otherwise. The solvent was ether. The nitrogen was purified with 
pyrogallol and dried with sulfuric acid and calcium chloride. The tubes were ex- 
posed directly to daylight in a place free from shade. 


TABLE I 


Fraction No. 1 2 5 6 
Series 1 10 8 - f 
Series 2 ae ie 2 2 
Series 3 6 5 2 2 


The values in the columns signify the number of days of exposure to light re- 
quired to form a jelly. The dependence of the time of exposure upon the fraction 
is clearly seen from the fact that the time of jelly formation increases with increase 
in the fraction number. The tubes of Table I remained in daylight about three 
months after formation of a jelly (from the middle of July to the middle of October, 
1930, including 24 completely sunny days, 40 variable days, and 28 overcast days). 

(b) Titration of the Exposed Sol Rubber with Iodine Chloride—The ether of the 
exposed rubber jellies was removed completely in a high vacuum. The rubber was 
then placed in chloroform, and was allowed to stand for 5 weeks, with exclusion of 
air. At the end of the 5 weeks it had not dissolved, but had only swollen. Table 
II gives the results obtained. 


TABLE IT 

No. of Hoursof Experimental Value No. of Grams No. of Ce. of ICI 

the Reaction Percentage of the of Substance (G. Solution Con- 
Fraction with ICI the Theory of 0.05 N) sumed 
98.2 0.1015 58.6 
98.6 0.1009 58.5 
94.0 0.1024 56.6 
96.0 0.1008 56.9 
93.2 0.1011 55.4 
97.5 0.1013 58.1 
98.7 0.1011 58.7 
98.4 0.1038 60.1 
96.6 0.1010 57.4 


AOonr WWNNN-e 


96.1 0.0886 50.1 
95.5 See fe 


In one case the iodine number was 100 per cent of that of the original substance. 
That the low iodine values of the rubber exposed to light were not caused by ab- 
sorbed oxygen was proved by a carbon-hydrogen determination. The exposed 
samples of rubber of Fractions No. 3 and No. 5 of Table II were burned, which 
accounts for the relatively low iodine values of the products. 

0.1536, 0.1417 g. substance gave 0.4972, 0.4584 g. CO, 
0.1670, 0.1546 g. H,O 


(C;Hs), Calculated C 88.15; H 11.85 
Found C 88.28, 88.23; H 12.16, 12.21 


If the 4-5 per cent deficiency of iodine chloride were accounted for by previously 
combined oxygen, the latter would appear in the analysis. 

(c) Solubility of the Irradiated Sol Rubber—The rubber of Experimental Series 
No. 2 was examined. 
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Table III 
Solvent After 6 Weeks After 8 Weeks 

Ether Swollen Swollen 

Chloroform Swollen Swollen 

Benzene Swollen Swollen 

Benzene + 1% piperidine Swollen Greatly swollen 

Cumene Very greatly swollen Not homogeneous but 

still swollen in jelly form 


Small quantities of rubber were recovered by ether from the irradiated product. 
Thus 2.3 mg. of soluble substance were recovered from 20 cc. of ether which had 
stood for 2 months over 150 mg. of irradiated rubber. Further treatment with more 
ether for a month failed to yield any more soluble substance. The chief product of 
the exposure to light was insoluble in ether. 

(d) Behavior of the Irradiated Sol Rubber on a Mill, and its Solubility after Mill- 
ing—The behavior of irradiated rubber (in carbon dioxide) on a mill was next 
studied, but this treatment failed to show any notable difference between the 
product and crude crepe rubber. The time of milling was about 30 minutes at a 
temperature around 60° C. To exclude air, a strong current of carbon dioxide 
was blown from each side of the mill onto the rolls, and solid carbon dioxide was 
placed in the empty space below the rolls. The solubility of the irradiated and 
milled rubber was then determined. 

TABLE IV 
After 2 Days After 3 Days After 8 Days 
Swollen Greatly swollen Dissolved on residue) 


Chloroform Swollen Greatly swollen Dissolved (with residue) 
Benzene Greatly swollen Dissolved 


Cumene Dissolved (with a residue) 


It may be seen that insoluble rubber was rendered soluble again by milling. It 
is difficult to believe that this depended upon traces of oxygen absorbed, and it is 
our opinion that the reason that the rubber becomes soluble again is a rupture of 
bridged and “stitched” molecules or micelles,” with formation of fragments 
which are soluble. This view presupposes that on exposure of rubber to light, a 
bridging from molecule to molecule, 7. ¢., a polymerization, takes place. It has 
already been mentioned in the Theoretical Part (loc. cit.) that this irradiated rubber 
is still somewhat elastic at 0° C., in contrast to natural rubber, which indicates 
in the case of the irradiated rubber a phenomenon resembling the onset of vulcaniza- 
tion. 

The rubber jellies of Table I were very firm and quite homogeneous. A tube 
containing such a rubber was agitated vigorously by mechanical means uninter- 
ruptedly for 150 hours. The jelly remained throughout this treatment, and though 
it became more porridge-like in consistency, there was no liquefaction of the jelly. 
On the contrary these jellies liquefied rapidly on exposure to air,!* and this was 
found to be true of jellies which were formed on exposure to light for only a short 
time. Thus a rubber jelly, obtained by exposure of a 1 per cent rubber solution in 
carbon tetrachloride for 1 hour to a quartz mercury vapor lamp, liquefied within 4 
hours in air. On the other hand, a rubber jelly obtained by exposure of a 1 per cent 
rubber solution in carbon tetrachloride containing benzanthrone to a 200-watt 
electric lamp for 15 days did not liquefy in air. 


II. Experiments with an Incandescent Lamp of 200 Watts 


(a) The Behavior of the Individual Fractions.—In order to avoid the variable in- 
tensity of daylight, an Osram incandescent electric lamp of 200 watts was used 
in these experiments. The tubes were placed in a metal frame at a distance of 25 
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cm. vertically above and around the lamp, so that they formed a sort of cylindrical 
mantle or jacket above the lamp. The temperature was approximately constant 
around 35° C. The nitrogen was freed of oxygen by first passing it through 
alkaline pyrogallol solution, then over incandescent copper-asbestos, and finally 
drying it with concentrated sulfuric acid and phosphorus pentoxide. A strong 
current of the nitrogen thus purified was passed through the tube for 30 minutes 
before sealing. Here too a jelly was formed each time. Table V shows the be- 
havior of the individual fractions. 


TABLE V 
Formation of Jellies after Exposure to Light 


Experiment no. 1 2 3 4 
Fraction no. 2 3 4 5 
Days for jelly formation 36 26 8 29 


Because of the low intensity of the source of light, differences in the individual 
fractions were still more evident than in the experiments of Table I. Experiment 
No. 4, shows an anomaly which will be referred to later. 

(b) The Behavior of Sol Rubber in the Presence of Hydroquinone.—Although a 
jelly was not formed unless oxygen was excluded, it is nevertheless probably true 
that only when traces of oxygen are present is it possible for a jelly to form. Ac- 
cordingly a study was made to determine whether the presence of hydroquinone 
prevents the formation of a jelly. As Table VI shows, a jelly was formed iri only 
one case. 


TABLE VI 


Fraction Mytgeigens Days of Change in the 
: Solvent (Mg.) Exposure Rubber Solution 


Ether 50 No visible change 
CCl, containing ether 50 No visible change 
CCl, containing ether 15 Jelly formed 
Ether 15 No visible change 
CCl, containing ether 5 No visible change 
Ether 5 No visible change 
CCl, containing ether 0 Solid jelly 


(c) Iodine Numbers and Solubility of the Sol Rubber after Exposure to Light— 
The samples in Experiments Nos. 4 and 5 of Table V were titrated with iodine chlo- 
ride. Both samples were exposed a total of 30 days. For titrating, the rubber was 
treated with chloroform. The rubber of Experiment No. 4 had dissolved after 19 
days, whereas that of Experiment No. 5 had not even swelled after the 19 days. 
On titration, Fractions No. 5 and No. 6 gave 97.2 and 96.3 per cent, respectively, 
of the theoretical value. The rubber exposed to light dissolved with difficulty but 
was not insoluble, as were the products shown in Table I. Here the times of ex- 
posure were shorter and the intensity of the light was considerably less. The 
solubility diminished with increase in the time of exposure. After a time of ex- 
posure of about two months, products were obtained which were practically in- 
soluble in all rubber solvents. 


III. Irradiation Experiments with the Quartz Mercury Vapor Lamp 


(a) Behavior of the Various Fractions—The experiments showed no essentially 
new facts. The greater intensity of the light meant only a shortening of the time 
necessary for the formation of jellies. Here there was no relation between the 
time of exposure and the number of the fraction, e. g., Fraction No. 1 required 70 
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minutes, Fraction No. 2, 60 minutes, and Fractions Nos. 2-6, 60 minutes. The 
iodine numbers were approximately 98.3 per cent. 

(b) Experiments with the Most Highly Purified Nitrogen—A few experiments 
were carried out where nitrogen particularly free of oxygen was used. This was 
prepared by the method of Kautsky, 7. ¢., the nitrogen was bubbled through a 
hydrosulfite solution approximately 2 meters deep, and was then dried with con- 
centrated sulfuric acid, calcium chloride and phosphorus pentoxide. The solvent 
was thoroughly boiled in a current of nitrogen. The purified nitrogen was passed 
through the tubes for 4 hours, after which the tubes were sealed under a pressure of 
nitrogen (Experiments Nos. 1 and 2). In Experiment No. 3 unpurified commercial 
(cylinder) nitrogen was used, and the solvent was not boiled in nitrogen. In all 
cases a one per cent solution of rubber in carbon tetrachloride was employed. 
Experiment No. 4 was carried out with still greater precautions and care than in 
Experiments Nos. 1 and 2. Previously the rubber had been placed in solid form 
in the tubes, the solvent had been added, and after removal of the atmospheric 
oxygen, the tubes had been sealed. The rubber therefore dissolved in the tubes, 
and as soon as the solutions were quite homogeneous, the tubes were exposed to 
light. Under these conditions there was the possibility that gas might still be 
confined within the rubber, and in this way that oxygen might still remain in the 
tubes. 

An attempt was made to eliminate this source of error. The tubes were filled as 
before, and after passage of a current of nitrogen for 4 hours the tubes were closed 
tightly, and were let stand until homogeneous solutions were obtained. The sol- 
vent was then removed completely in vacuo and finally in a high vacuum. Fresh, 
thoroughly boiled solvent was then added to the tubes, and highly purified nitrogen 
(Kautsky method, loc. cit.) was again passed through the tubes for 4 hours, after 
which the tubes were sealed in nitrogen under pressure. When the rubber had 
formed homogeneous solutions, the tubes were exposed to light. In Experiments 
Nos. 1 and 2 the samples were exposed for the lengths of time as in section (a) 
(loc. cit.), viz., 60 and 50 minutes. 

The thorough boiling of the solvent, and purification of the nitrogen by the 
method of Kautsky, were obviously of no advantage over the simple purification of 
the nitrogen with pyrogallol and copper-asbestos, as carried out in the previous 
experiments. On the other hand, a considerably shorter time was required for the 
jellies to form than with unpurified commercial nitrogen (Experiment No. 3), which 
was contrary to the results with the incandescent light, where with commercial 
nitrogen and sensitizing agents, jellies formed more quickly than they did in pure 
nitrogen (see Table VIII). Obviously the proportion of oxygen tolerated was 
smaller with ultra-violet light. Of special interest was the increased time of ex- 
posure to light up to 210 minutes in Experiment No. 4, where special care and 
precautions were taken. This is again best seen in Table VIII. A maximum rate 
in the reaction seemed to take place at the very lowest pressures of nitrogen (see 
Theoretical Part, Section IV). The significance of Experiment No. 4 of Table V 
probably lies in the fact that particular success was had in excluding oxygen in this 
case. 

(c) Experiments with Light Filters—In order to determine in what range of 
wave lengths the active radiation lies, the attempt was made to cut out various 
wave lengths by means of light filters. The filters used were those of the Lifa A.-G. 
of Augsburg. In these experiments tubes of approximately 10 cc. capacity, which 
absorbed all radiation below 2520 A. U., were used. The solutions in carbon 
tetrachloride contained 1 per cent of rubber of Fraction No. 4. 
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With five filters (> 5800, 4950-5800, < 4950, > 4200 and 3150-4000) and a 
quartz mercury vapor lamp, there was no visible change in the solution at the end 
of 70 hours. Ina control tube with no filter, a jelly was formed after one hour. 

The tubes which had been irradiated behind filters were then exposed without 
any filter to the quartz mercury vapor lamp. In all cases a jelly was formed after 
about one hour of exposure. Here the active radiation was below 3150 A. U. 

Since in these experiments the glass in the tubes transmitted only radiation above 
2520 A. U., the effective radiation must have been between 2520 A. U. and 3150 
A. U. In the experiments where the source of light was an incandescent lamp, 
which emitted no radiation below 2800 A. U., the effective radiation must have been 
between 2800 A. U. and 3150 A. U. 


IV. Experiments in the Presence of Sensitizing Agents 


Table VII summarizes a few of the experiments with sensitizing agents. In all the 
experiments on this subject, the proportion by weight of sensitizing agent on the 
rubber was 10 per cent in the case of solid substances, and 1.5 cc. per 50 cc. of 1 
per cent rubber solution in the case of liquid sensitizers.!® An incandescent electric 
lamp of 200 watts was the source of light. The tubes were exposed at a distance 
of 25 cm. from the source of light, while their temperature was approximately 
35° C. 

The important part which sensitizing agents have in governing the time of ex- 
posure necessary for jelly formation is seen in Table VII. 





TABLE VII 
Experiment Fraction Sensitizing Time of Change in the 
No. No. Agent Solvent Exposure Rubber Solution 
1 1 Eosin Ether 3.5 Hrs. Firm jelly 
2 1 Benzanthrone CCl, 48 Hrs. 
3 1 Benzaldehyde Ether 4 Hrs. 
4 1 Anisaldehyde 6 Days 
5 1 Dimethylamino- 
benzaldehyde 24 Hrs. 
6 1 Piperonal 3 Days 
7 1 Acetaldehyde 4 Days 
8 1 Cenanthol 10 Days 
9 1 Rhodamin-6G-extra CCl, 2.5 Days 
10 1 Erythrosin 10 Days 
11 2 Malachite green 5 Days 
12 2 Methylene blue 4 Days 
13 3 Acetone Ether 8 Days Great increase in 
the viscosity 
14 3 Acetophenone 4 Days Firm jelly 
15 3 Aenzophenone 24 Hrs. 
16 3 Ethyl benzoate 10 Days 
17 3 Diethylketone 4 Days 





(1) Experiments with Nitrogen of Different Degrees of Purity—The Behavior of 
the Various Fractions with Eosin as Sensitizing Agent—(a) The Use of Unpurified 
Commercial (Tank) Nitrogen—Fractions Nos. 1 to 6 in 1 per cent ether solution 
with the addition of eosin were sealed in unpurified nitrogen in tubes, and were then 
exposed to a 200-watt incandescent lamp. The results are shown in Table VIII. 
(b) The Use of Well Purified Nitrogen—The experiments were repeated, but with 
nitrogen which had been highly purified with pyrogallol and copper-asbestos. 
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TABLE VIII 
JELLY FORMATION AFTER EXPoSuRE. NUMBER OF Hours REQUIRED 
Fraction no. 1 2 3 4 5 6 
In commercial nitrogen 4 4 4 4 3 3 
In purified nitrogen 10 10 10 10 9 9 


A further control experiment, where the solution was sealed in air, required 4 
hours for a jelly to form, as in commercial nitrogen. A comparison of the results in 
commercial nitrogen and in purified nitrogen shows plainly that with diminishing 
oxygen the time of exposure to form a jelly increased. The jelly formed in air was 
very soft, which indicates that too high a concentration of oxygen was detrimental 
to the formation of a jelly. Nevertheless in the presence of eosin a jelly was formed 
so rapidly that degradation of the rubber did not result from the action of oxygen, 
as happened in all cases in the presence of too much oxygen in the absence of a sen- 
sitizing agent. The concentration of oxygen was also diminished by its bleaching 
of the eosin. 

(2) Experiments with Various Solvents—Further experiments were carried out 
to determine the influence of the solvent on the formation of a jelly. One per cent 
solutions of rubber of Fraction No. 3, to which eosin was added, were used. A 200- 
watt incandescent lamp served as the source of light. 

The experimental results are summarized in Table IX. 


TABLE IX 
Approximate Change in 
Solvent Time of Exposure the Solution 

Ether 4 Hours Firm jelly 
Carbon tetrachloride 30 Hours Firm jelly 
Benzene 8 Days Firm jelly 
Hexahydrotoluene 14 Days Firm jelly 
Decalin 30 Days . No visible change 


The reason for the different effects with the various solvents may depend upon: 
(1) the different solvent powers of the individual liquids for the light-polymerized 
rubber; (2) absorption of the solvent, or (3) the different solvent powers for eosin. 

(3) Experiments with Different Concentrations of Rubber—Carbon tetrachloride 
solutions of rubber from Fraction No. 3, with the addition of eosin, were used. A 
homogeneous jelly was formed with a solution containing only 0.2 per cent of 
rubber. 

(4) Demonstration Experiment with Eosin and a Quartz Mercury Vapor Lamp as 
the Source of Light-—A one per cent solution of rubber in ether containing eosin in a 
quartz tube formed on irradiation a jelly in 8-10 minutes. At the end of only 4 
minutes the solution had become extremely viscous. 

(5) Exposure to an Incandescent Lamp (200 Watts) of a One Per Cent Solution of 
Rubber in Carbon Tetrachloride with Addition of Benzanthrone formed a jelly after 
about 48 hours. Here too the addition of hydroquinone as an antioxygen pre- 
vented the formation of a jelly. In this case one per cent solutions of rubber from 
Fraction No. 4 in carbon tetrachloride were used; in one case 15 mg. of hydro- 
quinone and 50 mg. of benzanthrone were used, and in another case 5 mg. of hydro- 
quinone and 50 mg. of benzanthrone. There was no visible change in either solu- 
tion after 25 days of exposure. 

(6) Experiments with Aldehydes—The firmest and most elastic jellies were ob- 
tained with benzaldehyde, but in spite of this it was an unreliable and uncertain 
sensitizing agent, for in many cases no jelly wasformed. The rubber was, however, 
profoundly altered in character. 
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On the other hand, with acetaldehyde a product was obtained which still pos- 
sessed rubber-like properties, and had a pale yellowish color. It was purified by 
treatment with steam and subsequent extraction for 14 days with warm acetone. 

0.1546, 0.1366 g. of substance gave 0.4652, 0.4135 g. CO.; 0.1545, 0.13844 g. H,O 
[CsHs]s;CHsCHO Calculated C 82.19 H 11.37 O 6.44 
Found 82.07 11.19 6.74 
82.56 11.01 6.43 

It is seen that the value obtained from combustion agrees well with the value 
calculated ftom the formula [C;Hs];CH;CHO. On repeating the experiment twice 
more, products were obtained, the analyses of which agreed precisely. 

(7) Experiments with Gutta-Percha—Jellies were also formed from gutta-percha. 
Thus a jelly was formed from a one per cent solution of gutta-percha in carbon 
tetrachloride in 3 days in the presence of eosin, and in 4 days in the presence of 
benzanthrone. A control tube with no sensitizing agent required about 13 days of 
exposure for a jelly to form. 


VY. Experiments with Isoprene 


(1) The Polymerization of Liquid Isoprene—Isoprene, in one case alone, in 
another case with the addition of eosin, and in still another case with the addition 
of benzanthrone, was exposed in air at 60° C. for 40 hours to an Osram-Nitraphot 
lamp of 500 watts, and then in air at 40° to an incandescent lamp (200 watts) for 28 
days. 

With benzanthrone a skin of polymerized product was formed, while with eosin 
the liquid became extremely viscous. The control liquid was not visibly altered. 
In the same experiments, carried out in nitrogen, the isoprene was in no case visibly 
altered after 30 days. 

After 30 days of exposure, the still soluble portion was washed out with methyl 
alcohol, which in the eosin experiment left a white very firm and elastic rubber, with 
a solubility of an ether-sol rubber. The insoluble product from the isoprene con- 
taining benzanthrone was on the contrary insoluble in all solvents. 

(2) The Polymerization of Isoprene as an Emulsion—An emulsion of equal parts 
(10 ec. each) of isoprene and 10-per cent aqueous linseed oil sodium soap solution, 
which was sealed in air, was exposed to an incandescent lamp (200 watts). The 
temperature was approximately 38° C., and the time of exposure 60 hours. In 
darkness in the presence of eosin and of turpentine, there was no visible change. 

The experiments are summarized in Table X. 

TABLE X 
Approximate Yield Condition of the 


Experiment of Polymerizate Isoprene-Rubber 
No. Addition (% of Theoretical) Obtained 


Eosin (2 mg.) 61 Firm with nerve 
Fluorescein (2 mg.) 43 Slightly firm 
Benzaldehyde (1.5 cc.) 64 Firm with nerve 
Anisaldehyde (1.5 cc.) 39 Firm 
Xylene (1.5 cc.) 46 Firm with nerve 
3% H2O: (1 cc.) 67 Slightly firm 
Turpentine (1.5 cc.) 91 Slightly firm 
Benzaldehyde (1 cc.) + 3% HO. 

9 Firm with nerve 


1 cc.) 0 
9 Eosin (2 mg.) + 3%H202(1ec.) 85 Firm with nerve 
10 one 


Two similar experiments with potassium stearate soap and eosin yielded after 17 
hours’ exposure at 45° C. a brittle polymerized product, while without eosin a very 
small yield of a soft product was obtained. 
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TABLE XI 


Approximate Yield Condition of 
Experiment (% of the the Rubber 
No. Addition Theoretical) Obtained 


1 Eosin (5 mg.) 66 Brittle 
2 Eosin (5 mg.) 64 Brittle 
3 None 12.5 Brittle, soft 


In its solubility, the rubber obtained in the presence of the highly unsaturated 
soaps resembled natural rubber very closely. Thus the polymerized product ob- 
tained after 8 days was almost completely soluble in ether, and the small residue 
left behind dissolved in benzene. The polymerized products formed in the pres- 
ence of sensitizing agents were all rather difficultly soluble or were insoluble, par- 
ticularly in the case of those prepared in the presence of stearine and oil soaps. 
Upon titration with iodine chloride the individual artificial rubbers, when in the 
crude state, gave values between 84 and 96.6 per cent of the theoretical value of 
rubber. A product prepared with a linseed oil soap but without a sensitizing agent 
and in the crude state, with an iodine number of 96.6 per cent, was extracted with 
cold acetone, and was then fractionated with cold ether. Two fractions were 
separated, the first of which had an iodine number of 99.1, the second an iodine 
number of 98.0. In this case the acid formed was not taken into consideration, 
though in the case of all the artificial rubbers there was considerable present. If 
one molecule of iodine chloride is deducted for every-molecule of hydrogen halide 
formed, the values of the crude products would be 81.5 and 75.4 per cent, respec- 
tively. Earlier experiments however have shown that such a large deduction is not 
admissible. For this reason there is some doubt about the titration value (see 
Theoretical Part I). 


VI. The Polymerization of Styrene in the Presence of Sensitizing Agents 


In these experiments benzanthrone, eosin, and benzophenone were found to be 
particularly active. With benzanthrone yellowish resins, and with benzophenone 
colorless resins were obtained. The styrene was polymerized in its normal liquid 
state. The sensitizers were dissolved in 10 cc. of the styrene, 5 mg. of benzan- 
throne and of eosin respectively being added, and 10 mg. of benzophenone. Each 
solution was sealed in air in glass tubes. An incandescent ‘‘Nitraphot” lamp (500 
watts) was used as the source of light, with the tubes at a distance of 25 cm. from 
the lamp. The temperature of the tubes was approximately 90° C. After 45 
minutes the experiment with benzanthrone yielded upon cooling a plastic mass, 
and after 1.5 hours yielded a compact, brittle resin, as did the experiment with 
eosin. After 45 minutes the experiment with benzophenone yielded a sirup, 
after 1.5 hours a plastic mass, and after 3 hours a solid resin. In the absence of a 
sensitizing agent, styrene thickened to a sirup after 3 hours. Without the addi- 
tion of a sensitizing agent, exposure of styrene at 45° C. to a 200-watt incandescent 
lamp failed to bring about any visible change after 30 days. With benzanthrone 7 
days were required for the formation of a solid styrene resin, with eosin 8 days, 
and with benzophenone 12 days. With the addition of 0.5 cc. of acetaldehyde or of 
benzaldehyde to 10 cc. of styrene, the time required was 15 and 16 days, respec- 
tively. The styrene resins which were obtained were soluble in all organic sol- 
vents. Polymerization of styrene in the presence of 2 per cent of rubber and 1 
per cent of benzophenone yielded a resin which was firmer and tougher than that 
obtained without rubber. It had a milk-white, turbid appearance and was more 
difficultly soluble and more difficultly swollen than the resin without rubber. 

When rubber solutions and also styrene in the presence of sensitizing agents 
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were only partly exposed to light, the part in the tube so exposed polymerized more 
quickly, but even the protected parts were transformed into jellies or into solid 
styrene resins. The tubes were placed horizontally in order to avoid as much as 
possible any flow of heat within the tubes. One end of the tube was bent upwards 
at right angles and partially filled with solution. Only the middle third of the 
tube was exposed to light. 


References 


1 For XI1Vth Communication, see Ber., 64, 825 (1931); Rusper CHEMIsTRY AND TECHNOLOGY, 
4, 399 (1931). 

2 Kolloid-Z., 12, 194 (1913); van Rossem, Jbid., 15, 39 (1916); Bernstein, [bid., 15, 50 (1916); 
Rapony, Ibid., 27, 318 (1928). 

3 India Rubber J., 60, 1161 (1920). 

4 Kautschuk, 3, 29 (1927). 

5 A certain similarity between rubber exposed to light and vulcanized rubber has been pointed out 
by Kirchhof (loc. cit.), though without further proof. 

6 7th Communication, Ber., 61, 1591 (1928); RuspBpeR CHEMISTRY AND TECHNOLOGY, 2, 367 (1929). 

6a For this reason there is a certain unreliability in the iodine numbers. Based on earlier experi- 
ments on gel rubber, the hydrogen halide which is formed is not taken into consideration. If this were 
done, the iodine numbers above would become 88-92 per cent, 

7 Staudinger and Leupold describe an experiment on the exposure of solid rubber in nitrogen to 
light, where a diminution in the solubility led them to assume an increase in the size of the molecule. 
cf. Staudinger, Hochmolekulare Verbindungen, Springer 1932, page 444. 

8 With acetaldehyde the effect of light was in most cases normal, without any change in the 
analytical values. In one case a product was obtained which had added 1 molecule of acetaldehyde to 3 
isoprene molecules. 

® The experiment described above on the polymerization of unsaturated hydrocarbons was applied 
for as a patent in January, 1931, in the German Patent Office, and was granted as German Patent 576,141 
in 1933 (cf. Chem. Abstracts, 27, 3721 (Aug. 10, 1933)). According to this process, dry rubber to which 
sensitizing agents have been added on a mill can be rendered insoluble in a short time by exposure to 
light (see Example No. 9; Note 7 above). 

10 Ann., 288, 88 (1887). 

11 Tbid., 395, 266 (1913). 

12 ‘‘Nernst Festschrift,’’ 1912, page 464. Z. physik. Chem., 106, 318 (1923). The rate of oxidation 
in 0.6 per cent nitrogen-oxygen mixture was 30 times as great as in pure oxygen. 

18 English Patents 283,840, and 294,661 (1928) of the I.-G. Farbenindustrie A.-G. 

14 Ann., 488, 2 (1931). 

15 Biochem.-Z., 188, 55 (1927). 

16 Ber., 64, 827 (1931); RuspeR CHEMISTRY AND TECHNOLOGY, 4, 399 (1931). 

17 The problem whether molecules or micelles are present in solutions of rubber will be discussed 
elsewhere at a more opportune time. 
18 Kolloid-Z., 28, 233 (1921). 
19 The quantities used do not in any way show the quantities of sensitizing agents actually necessary. 
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{Reprinted from Transactions of the Institution of the Rubber Industry, Vol. 9, No. 2, pages 130-149, 
August, 1933. 


The Stress-Strain Relationship in 
Ebonite 


B. L. Davies 


DEPARTMENT OF CHEMISTRY AND RUBBER TECHNOLOGY, NORTHERN POLYTECHNIC, LONDON 


Historical—Among the earliest experiments on the stress-strain properties of 
hard rubber were those of Heinzerling and Pahl (see C. O. Weber, “Chemistry of 
India Rubber,” 1912, p. 162) whose results, however, are nowadays regarded as of 
doubtful value (see Weber, loc. cit., p. 162; also Schidrowitz, “Rubber,” p. 216). 

From that time little work of a scientific nature appears to have been published 
on the question until Glancy (Ind. Eng. Chem. 16, 360 (1924)) measured the tensile 
strength of a number of mixtures with a view to examining the effect of varying the 
rubber-sulfur ratio. He however did not state the elongation or the shape of the 
stress-strain curve. 

Dietrich and Gray (Ind. Eng. Chem., 18, 428 (1926) pointed out the difficulty of 
obtaining such curves on account of the great strength and small elongation and 
proceeded to utilize other tests. Gottlob (“Technology of Rubber,” p. 303) stated 
that the stress-strain curve for ebonite was similar to that of a metal, but no data 
were given nor did he say to which metal the resemblance might be traced. 

Pearsall (India Rubber World, 77, 70 (1927) showed stress-strain curves obtained 
autographically for unaccelerated stocks with various rubber-sulfur ratios at the 
same cure. No scales were given, but later the tensile strength and elongation at 
break were recorded, the elongations being measured with dividers. This method 
does not seem entirely satisfactory. The order of accuracy was only approximately 
0.5 per cent. The early part of the curve was rectilinear, a fairly sharp deflection 
toward the strain axis appearing later. As the rubber-sulfur ratio decreased, 
the region of maximum curvature occurred at higher loads and ultimately at very 
low ratios the curve ended before this region of increased curvature was reached. 
The elongation at break progressively decreased as the ratio decreased. 

Weber (loc. cit., p. 91) pointed out the essentially chemical nature of the vulcani- 
zation of hard rubber, which was stated to be the completely saturated end-product 
(CiHieS2)n. Theoretically then, 47 parts of sulfur are required to combine with 
each 100 parts of rubber. 

Glancy (loc. cit.) showed the effect of increased sulfur on the tensile strength, and 
found that the maximum value was attained with a mix containing 66.7 per cent 
sulfur based on the weight of rubber. Such a mix possessed a considerable amount 
of free sulfur after vulcanization, and it is difficult to understand the enhanced 
strength unless some physical action took place. 

Pearsall quoted 45 parts of sulfur as giving the maximum tensile strength. Such 
a mix was slightly deficient in sulfur unless it were possible to obtain rigid, well- 
cured products with much less combined sulfur than is demanded by theory. 

Objects—The present work was designed to investigate (a) the possibilities of 
using the stress-strain curve as an indicator of the effect on the mechanical proper- 
ties, of a number of variables, and (b) the connection between the stress-strain 
curve for ebonite and that of soft vulcanized rubber. 

As far as possible standard testing equipment was employed. 

Mizings.—A base mixing containing a small excess of sulfur was chosen for the 
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work and contained pale crepe rubber, 100 parts; sulfur, 50 parts; and zinc oxide, 
5 parts. The zinc oxide was only sufficient to activate accelerators. To this base 
mix accelerators were added in the proportion of 0.01 mol. per 100 grams of rubber. 
The addition of equimolar quantities to the mixing seemed a more rational proce- 
dure than the usual one of using equal weights of all accelerators. 
























































Figure 1 


Testing Technic.—The test-pieces were of dumb-bell form and of sufficient 
length to allow 10 cm. between the marks. They were machined !/, in. wide from 
sheets !/,, in. thick, vulcanized in the hydraulic press for various periods at a steam 
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pressure of 40 Ib. per square inch (142° C.) without “Tise.’”” Unless otherwise 
stated all were cut parallel to the direction of calendering. 

After storage for at least 24 hours the samples were stretched on the standard 
Scott machine. As the elongation was very small, it was found necessary to de- 
velop a means of magnifying the relative motion of the marks. Attempts were 
made to employ levers for this purpose but the method was abandoned in favor of 
the more convenient small extensometer illustrated. (Fig. 1.) 

Small clamps A carrying projecting pins were attached over the usual marks on 
the parallel portion of the test-piece. To the upper pin was attached a length of 
fine wire. This wire passed several times over an ebonite bobbin, B, 5 mm. diame- 
ter, which was free to rotate on the lower pin, and then, after having been fixed to 
the bobbin, the other end hung down and carried a 20-gram weight, C. Thus the 
wire was kept taut. A needle, D, was attached to the periphery of the bobbin and a 
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Figure 2 


light celluloid circular scale, E, was fitted with a metal bush, F, so that it could 
be fixed firmly to the slightly tapered projecting end of the lower pin G. Differ- 
ential movement of the two pins could then be read in terms of the angular move- 
ment of the bobbin as indicated by the needle. Actually each degree of rotation of 
the bobbin represented 0.044 mm. elongation. Hence, as the test-piece was 100 
mm. long, the percentage elongation was found by simple application of the above 
factor to the dial reading. 

These readings, however, were open to criticism on account of the possibility of 
small errors in the initial dial reading at the moment when the test-piece was just 
taut but unloaded. To correct for such errors an arbitrary zero reading was used 
and the elongations, plotted against load, and the points joined with a smooth 
curve. The curves were then corrected if necessary by moving the load axis until 
the curves passed through the origin. 
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As the angular displacement of the needle could be read with an accuracy of 0.5° 
with ease, the accuracy of the corrected elongation figures was of the order of 0.02 
per cent, but a further small error might be incurred in the determination of the 
zero. 

In each case at least three test-pieces were broken, the curves checked for agree- 
ment, and the one showing the highest value for the tensile strength was adopted 
for the comparisons. All tests were made in groups at 18-22° C., so that though 
there was slight variation of temperature all curves in any of the following figures 
were strictly comparable, having been determined at the same time. 

The Stress-Strain Curve.—A typical set of results is given in Table I, and the 
corresponding stress-strain curves for various times of vulcanization (stated in 
hours) are shown in Fig. 2. There is an obvious resemblance between the curves 
and those obtained with some metals. The first portion of the curve was not truly 
linear and therefore could definitely be compared with those of the less elastic 
metals such as copper. Likewise, as in the case of copper, there was no “yield- 
point” and the elastic limit was ill-defined. In these respects ebonite also resembled 
some “plastics” such as the cellulose esters (Sheppard and Carver, J. Phys. 
Chem., 29, 1244 (1925)). 

Thus the total deformation or “elongation” of ebonite is the sum of two com- 
ponents (a) elastic deformation, referred to as the “extension” or “stretch” and 
(b) the irreversible plastic flow, referred to as the “flow.” 

The Plasticity of Ebonite-——If the load be maintained at a constant value the 
plastic flow of ebonite at room temperature (22° C.) can be studied. 

A test-piece cut from the base mix cured for 16 hours at 142° C. was stretched by 
the application of a definite load in the Scott tensile machine, the motor stopped and 
the elongation read from the extensometer dial at the moment of stopping. Subse- 
quent readings were then taken at intervals of 15 seconds. The readings increased 
relatively rapidly at first and then very slowly. During this time the load de- 
creased very slightly and the mean load was therefore accepted. 

When the values of the flow at several constant loads, as tabulated in Table II, 
were plotted against the time the curves shown in Fig. 3 were obtained. As these 
curves appeared to be hyperbolas, the logarithms of the time and flow were plotted, 
and nearly parallel straight lines which did not pass through the origin were ob- 
tained. The equation of the lines could be written: 


— log F = nlog T — log K or K = FT", 


where T is the time in minutes, F the flow at constant load expressed as a percentage 
of the length of the unstretched sample, where K is a constant for any given load, 
and n is a negative fractional index. As the lines were approximately parallel the 


value of n was nearly constant. 
TABLE I 


TIME OF CuRE 
1!/2 Hours 2 Hours 


Elonga- 
Load tion Load 


730 0.203 800 
1470 0.331 1610 
2210 0.505 2410 
2940 0.74 3220 
3680 “ 4020 
4410 4820 
5150 5630 
5890 ; 6430 
6330 7150 
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TABLE II 
PLASTIC FLOW IN MILLIMETERS AT CONSTANT LOAD 


Load, 
Lbs. per Sq. In. 6080 6560 7060 7400 7900 
Ref. No. I II III IV 

Time (Min.) 

0 0 0 
0.022 : 0.030 
0.030 ; 0.052 
0.030 : 0.061 
0.035 ; 0.065 
0.035 ; 0.070 
0.039 
0.044 
0.048 
0.057 
0.065 
0.070 
0.074 
0.074 
0.074 
0.074 
0.074 
0.078 
0.083 
0.083 
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Time—minutes. 
Figure 3 


Velocity of Plastic Flow.—The velocity of plastic flow at any given time was 
deduced from the curves in Fig. 3, and is shown graphically in Fig.4. The curves 
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show that the velocity of flow fell off very rapidly with time, and that during the 
first few seconds a relatively very high velocity occurred. Also if the velocity of 
flow at a given time were plotted against the load, the curve would show clearly 
that the velocity of plastic flow increased more rapidly than the load (see Table III). 
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Figure 4 


TABLE III 


Thus after three minutes when the load was: 


6080 Ibs 
6560 lbs 
7060 lbs 
7400 lbs 
7910 lbs 
8410 lbs 


. per sq. 
. per sq. 
. per sq. 
~ per sq. 
. per sq. 
. per sq. 


inch the velocity was 0.0075 mm. per minute (Curve I) 
inch the velocity was 0.010 mm. per minute (Curve IT) 
inch the velocity was 0.014 mm. per minute (Curve ITI) 
inch the velocity was 0.019 mm. per minute (Curve IV) 
inch the velocity was 0.035 mm. per minute (Curve V) 
inch the velocity was 0.052 mm. per minute (Curve VI) 


There is little doubt that the mode of plastic deformation is capable of mathe- 
matical expression, and work is at present in progress with a view to such treatment 


of the results. 
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During the tensile test the amount of elastic deformation or stretch was propor- 
tional to the load, but the flow increased more rapidly, thus producing curvature of 
the first portion of the stress-strain curve. Actually, during a test the load did not 
increase uniformly, as shown in one case by the following values of the time (in 
seconds) for increments of 800 lbs. per sq. in. load 5.5, 5.8, 5.9, 5.9, 6.0, 6.3, 5.7 (2), 
7.0, 7.5. 

In some cases the load even became constant. This indicated that the rate of 
stretch had fallen to zero and the plastic flow had evidently become of such impor- 
tance that its velocity attained the rate of jaw separation of the testing machine. 
Thus a large elongation occurred at constant load, indicating that the deformation 
was almost entirely plastic. This condition is shown by the shorter cures in each 
family of curves (e. g., Figs. 1,9, 10,11). Such lightly vulcanized materials were 
highly plastic compared with the samples used for the plastic flow determinations 
cited above (Table IT), as is obvious from the very great elongations experienced at 
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Load—(lbs. per square inch) x ‘107%, 
Figure 5—Showing Influence of Speed of Stretching (Inches per Minute) 


constant load. For the longer cures the plasticity was less and so the rate of flow 
did not reach equality to the rate of elongation because the specimen broke before 
the required high load was reached. 

Effect of Speed of Testing —From the facts set out above it was deduced that the 
load at which breaking occurred was a function of the speed of the machine. The 
effect of varying the speed was shown by obtaining stress-strain curves for a given 
vulcanizate at speeds of the lower grip of '/2, 1 and 2 in. per minute (see Fig. 5). 
The conclusion that more rapid deformation yields higher values of tensile strength 
confirms results by various workers on soft rubber. (American Bureau of Standards 
Circular No. 38, 1927, p. 55; Dorey, Trans. Inst. Rubber Ind. '7, 158 (1931).) 

The concavity of the stress-strain curve is nevertheless small, and the first part 
of the curve may be taken as showing the result of mainly elastic deformation and 
the later part of plastic deformation. This is confirmed by the results of set 
measurements. 
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Set Measurements.—The test-piece was stretched at the standard speed and the 
machine reversed as rapidly as possible. The hysteresis loops thus obtained are 
shown in Fig. 6. The semi-permanent set values were read from these curves, and 
expressed in the usual manner as a percentage. 


Load 3200 4260 5200 5610 
Semi-permanent set 0.05 0.135 0.20 0.40 


Relatively the set increased more rapidly than the load, but was in all cases small. 
At loads corresponding to the second part of the curve (Fig. 2) the elongation was 
relatively great and could be measured directly with a scale. Such measurements 
of the order of 10 per cent elongation were found to remain nearly constant, showing 
high permanent set even after some weeks. 

Effect of Grain.—All stocks after calendering were laid on a zinc-covered table 
to cool. Consequently a large grain-effect was not expected. Pieces for vulcaniz- 
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Figure 6 


ing were then cut to the shape of the molds so that very little flow occurred in the 
press. The stress-strain curve for the base mix was unaltered by cutting the test- 
pieces at right angles to the direction of calendering, when the stock was treated in 
this manner. 

Stress-Strain Effect of Prolonged Mastication.—It was stated long ago by C. O. 
Weber (Chemistry of India Rubber, 1912, p. 16) that “for the manufacture of this 
product (ebonite) the India-rubber is mechanically worked into a state of complete 
plasticity, almost entirely destroying the elasticity. Vulcanization is then effected 
with a very large quantity of sulfur, yielding a tough, highly elastic product. If the 
India-rubber were as little worked as is customary for the manufacture of soft 
rubber goods, the high degree of vulcanization would result in the production of a 
very hard, but extremely brittle product. In other words, the great physical 
difference between rubber worked for varying lengths of time does not appreciably 
affect its chemical behavior toward sulfur, though it greatly influences the physical 
effect of vulcanization.” This point has apparently not been further investigated, 
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though it is understood that some manufacturers still adopt this method of working. 

A portion of rubber was worked on a warm mill for 2 hours, and then it received 
the same treatment as a parallel batch worked for the normal period of about 15 
minutes, both being converted into base mix. The stress-strain curves showed 
that the diminution of tensile strength was by far the most important effect of this 
treatment. The effects were not quite identical with that of reducing the time of 
cure. As the effect of the degradation and oxygen-absorption during prolonged 
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Figure 7 


B = Base mix, normal mastication _ P = Base mix + 2 per cent paraffin wax 
= Base mix overmilled 
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Figure 8 


milling is to increase the acetone extract (Shacklock, Trans. Inst. Rubber Ind., 7, 
354 (1932)) it is probable that the introduction of a softener would be a closer 
analogy. Consequently to a portion of the normally treated stock 2 per cent of 
paraffin wax was added. The curves shown in Fig. 7 were obtained by testing 
samples which had been cured side by side in order that the vulcanization should be 
identical. It is evident that the effect of this softener was similar to that of over- 
milling. It therefore seems certain that much power could be saved by the addition 
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of softeners rather than by overmilling and that no advantage in the physical prop- 
erties of the vulcanizate accrues from such softening by either method. 

Influence of Accelerators —Glancy, Wright, and Oon (Ind. Eng. Chem., 18, 73 
(1926)) found that certain accelerators had practically no effect on the tensile 
strength. It does not follow from their work, however, that the general behavior to 
tensile stresses of accelerated stocks remains the same as for the base mix. If 
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Figure 10 


variations exist they would be reflected in the shape and position of the stress-strain 
curve. 

A consideration of the family of curves for the base mix (Fig. 8) shows that this 
stock was relatively very insensitive to change of curing time in the neighborhood of 
the optimum, both loads and elongations varying only slightly over a range of some 
14 hours (8 hours’ to 22 hours’ cure). 
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The curves for the di-o-tolylguanidine stock (Fig. 9) were similar to those of the 
base mix, but a greater sensitiveness was shown. This is in contrast with the 
effect of accelerators in soft rubber vulcanized to the region of its optimum cure. 
The tensile strength was approximately the same (2 per cent higher) at optimum 
cure, as also was the elongation. The slopes were almost identical. It appears 
therefore that nearly identical mechanical products could be obtained with and 
without this accelerator. The corresponding times of optimum cure were 7 and 12 
hours, respectively. 

In Fig. 10 are curves referring to stock accelerated with zinc diethyldithiocarba- 
mate. In this case the best tensile strength was about 5 per cent less than that of 
the base mix. The elongation at optimum cure was substantially less than for the 
previous stocks, and the shape of the curve showed that this material was also 
more brittle. As there was much risk of scorching such a highly accelerated stock 
on the mill and also of “‘set-up”’ in storage, the stock used for these tests was mixed 
and calendered to a smooth sheet and allowed to stand only over-night before 
vulcanizing. It was suspected that, in spite of these precautions, the brittleness 
might be connected with this tendency, and consequently a further batch was 
deliberately allowed to prevulcanize slightly, so that the calendered sheet was 
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Figure 11 


slightly knotty but contained no holes. The effect of scorching may be seen from 
a comparison of Fig. 1, which refers to the scorched stock, with Fig. 10. It seems 
characteristic of the scorched stock that the upward tendency of the latter part of 
the curve was still less pronounced, the sheet being even more brittle. It is sug- 
gested therefore that although the carefully worked zine diethyldithiocarbamate 
stock showed no sign of premature vulcanization, such existed and was capable of 
detection in this way. The deliberately scorched stock broke at a load lower by 
10 per cent than the apparently unscorched vulcanizate. There was also a marked 
diminution in the time of vulcanization. 

Effect of Advancing Cure.—In all cases there was: (a) increase of stiffness or 
modulus, the magnitude of the effect diminishing with advancing cure; (5) increase 
of tensile strength, at first very rapidly, then slowly until it remained practically 
constant; (c) increase of elongation to a maximum, after which a small decline 
was noticeable at very long cures. For the lower cures the curves showed a sudden 
increase of elongation just before breaking. This marked a point where the rate of 
elongation was equal to the velocity of plastic flow. In some cases the test-piece 
“drew-out”’ at one position as do some metals. The area was consequently reduced 
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locally and the load per unit increased. Excluding those curves which represent 
products which were not fully hardened, it is evident that the elongation at failure 
rose to a maximum with advancing cure (see dotted line on Fig. 10) in the zone of 
cures where rigid products are obtained. 

Soft and Hard Rubber Curves.—It was found that the extensometer employed for 
the rigid samples could also conveniently be used for those of leather-like quality 
and even for softer samples, provided the test was made at low elongations only. 
In most cases it was possible to locate the first upward bend of the curve with 
sufficient accuracy and so a series of curves was drawn (Fig. 11) showing the transi- 
tion from overcured soft rubber to ebonite. The number on each curve indicates 
the time of cure in minutes. It is clear that the upward bend of the curve persists 
throughout the series. 
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Figure 12 


This initial stiffness of soft vulcanized rubber was considered by Hatschek (J. 
Soc. Chem. Ind., 40, 251T (1921)) to be only apparent. Thus if the load figure be 
based on the actual cross-section of the test-piece instead of on the original area, 
this upward bend of the curve at low elongations disappeared. In spite of this 
conclusion, the initial stiffness was ‘‘explained” by Fikentscher and Mark (Kaut- 
schuk, 6, 1, 2 (1930)) in developing the conception of a spiral configuration of the 
rubber molecule. Shacklock (Trans. Inst. Rubber Ind. 8, 568 (1933)) has recently 
shown that the initial stiffness is not accounted for in the manner mentioned. 

The series of curves shows that from a point where definite overcure had set in to 
fully cured ebonite, there were at least three stages: 

(a) Where the whole test-piece stretched and the elongation corresponding to the 
point of maximum curvature rose with increased cure (curves 60 to 70, see dotted 
line Fig. 12). Though these curves show deviation from Hooke’s law, it is not clear 
that the second portion represents mainly the result of plastic deformation, since 
there was no elongation at constant load. 





209 


(b) Where at a particular point in the test a large elongation occurred at constant 
load (Fig. 11, curves 75 to 90 and Fig. 8, curves 6!/2 to 7/2). An explanation of this 
has been suggested above. For this range the elongation at which this failure 
occurred decreased with rising cure, and the curvature of the first portion of the 
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Load—(lbs. per square inch) x 107°. 
Figure 13—Carbon Black Stocks 


curve diminished. As the latter is determined by the plasticity of the material, it 
follows that the earliest member of this group had the highest plasticity. 

From an examination of these two groups of curves it seems clear that the elonga- 
tion corresponding to the region of maximum curvature increased to a maximum, 
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after which it may be said that the second part of the curve definitely indicated 
plastic flow. With further cure the plasticity slowly diminished. In the later 
cures of this group ‘‘necking”’ occurred and the test-pieces stretched locally. These 
products were mostly of leather-like consistency, though some were rigid at room 
temperature. All showed remarkable sensitiveness to change of cure, which might 
be connected with the well-known tendency of such products to age very rapidly. 
Thus Glancy, Wright, and Oon (loc. cit.) drew curves relating increase of combined 
sulfur with time of cure and also tensile strength with time of cure. It appears 
from these curves that at the time the tensile strength was changing rapidly, so also 
was the coefficient of vulcanization. This region of cure, which occurred at co- 
efficients 30 to 40 was followed by a fairly sharp fall in the rate of increase of co- 
efficient and of tensile strength, corresponding to the present group (c) below. 

It follows, therefore, that in this semi-ebonite range, the material is in a metasta- 
ble condition and is capable of taking additional sulfur into combination very 
readily. It is almost certain, therefore, that such a material would also be very 
susceptible to oxygen attack. 

(c) Where the samples stretched without ‘necking’ and breaking elongations 
were very low. These were rigid products at room temperature and form the 
subject of the earlier portion of this work. The final elongation showed a small 
increase with cure. 

The sudden fall in elongation between groups (6) and (c) may be taken as an 
indication of a sudden increase in brittleness. This is in agreement with the results 
of impact tests quoted by Pearsall (loc. cit.), who showed that between vulcanization 
coefficients 30 and 35 there was a fall in impact strength amounting to one-half the 
value at the former coefficient. 


Influence of Compounding Ingredients 


Mineral Rubber—Glancy (loc. cit.) showed that mineral rubber has a diluent 
effect up to 13 per cent by volume as judged by tensile strength measurements. 

Stocks containing 10, 20, and 30 volumes of mineral rubber per 100 parts by 
weight of rubber were vulcanized together with the base mix for 7 hours at 142° C. 
The base mix was of course quite flexible and leather-like, while the loaded stocks 
showed increased rigidity with increase of loading. The stress-strain curves 
shown in Fig. 12 show that mineral rubber reduced the time of cure required to 
produce a rigid product. Since with increased concentration the tensile strength 
and stiffness both increased, it is evident that the accelerating effect was pre- 
dominant. The elongation at break also increased slightly. This accelerating 
efféct was probably merely the physical stiffening influence of the bitumen. It is 
difficult to believe an increase of combined sulfur is involved. The curves all 
ended rather abruptly, showing that these loaded stocks were somewhat brittle 
when vulcanized to this stage. 

Carbon Black.—In Fig. 13 are shown stress-strain curves for unaccelerated stocks 
containing 20, 30, and 40 volumes of gas black per 100 parts of rubber by weight. 
All were cured together. It is evident that the black reduced the tensile strength 
considerably when present in fairly large proportions. There was also a definite 
accelerating effect. The base mix control, cured with these samples, was very 
flexible, and with increased loading the stiffness increased. The 40-volume stock 
was quite hard and rigid but was very weak and brittle—a point of interest in view 
of the reinforcing action of the black in soft rubber. This is attributed to the poor 
dispersion of the black in a mix without added softener (cf, Drakeley and Pollett, 
Trans. Inst. Rubber Ind. 4, 424 (1929)), and to the fact that the rubber-rubber bond 
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is very strong in ebonite relative to that of soft rubber. Hence there may be rein- 
forcement in soft rubber but none in hard rubber if the rubber-carbon black bond is 
intermediate in strength between the rubber-rubber bond in soft and in hard 
rubber. 

Summary and Conclusions 


1. A simple ‘extensometer’ has been devised for the more accurate measure- 
ment of small elongations in hard rubber samples, thus enabling stress-strain curves 
to be obtained on a standard tensile testing machine. 

2. The form of the curve has been described more fully than heretofore. It 
shows that hard rubber does not deform exactly in accordance with Hooke’s Law, 
but exhibits plastic flow. 

3. Deviations from Hooke’s Law shown by the experimental curves depend 
upon the speed of stretching. Increased speed of elongation has been found to give 
higher readings of tensile strength. 

4. Prolonged mastication of the rubber gives a weaker product, similar effects 
being obtainable by the use of a neutral softener. 

5. The effects of increasing time of vulcanization have been described. The 
range of curves showing transition from over-cured soft rubber to ebonite indicates 
that the hard rubber curve is possibly related to the initial portion of the soft rubber 
curve. The plasticity of the overvulcanized rubber, as indicated by the deviation 
from Hooke’s Law, increased with time of vulcanization until the ‘‘semi-ebonite”’ 
stage was reached. 

6. The leather-like “‘semi-ebonites’’ differed from soft and hard rubber inasmuch 
as they were extremely sensitive to small changes in time of vulcanization, and 
inasmuch as their plasticity was such that the velocity of plastic flow was com- 
parable with the rate of pulling (1 in. per minute), at a particular point in the test 
they experienced a large elongation at constant load, 7. e., the velocity of flow was 
equal to the speed of pulling. Their plasticity decreased with further vulcaniza- 
tion. 

7. The longest cures in the above-mentioned group gave products which were 
rigid at room temperature. Since these must be more resistant to shock than 
vulcanizates in a higher state of cure, it seems that the best technical cure of ebonite 
for mechanical purposes is that which gives maximum tensile strength combined 
with the property of undergoing considerable plastic flow (of the order of 5 per cent) 
at the constant maximum load, and at an arbitrarily fixed rate of stretching, the 
temperature being commensurate with the thermal conditions of service. Such a 
cure is clearly indicated by the stress-strain curve. 

8. Accelerated ebonite mixings are more sensitive to time of cure than rubber- 
sulfur stocks without accelerators. An accelerator may produce very little effect on 
the tensile strength and breaking elongation, but may yield a stock which “‘scorches”’ 
readily. This prevulcanization was detrimental to the mechanical properties of 
the vulcanizate, even though it was so slight that its presence was not detected 
during normal processing. 

9. Mineral rubber in ebonite stocks has been shown to accelerate the cure as 
indicated by the stress-strain curve. 

10. Stocks containing high loadings of gas black gave vulcanizates which were 
weak and brittle. The effect of the black on the stiffness was similar to that pro- 
duced by further cure. 

11. The stress-strain curve provides a reliable means whereby stocks containing 
different accelerators and other compounding ingredients may be compared at 
equivalent states of vulcanization. 





